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I. INTRODUCTION

In recent years, large-scale cultivation of yeasts and other micro-
organisms for nutritional and other purposes, is widely practiced
throughout the world. Post-harvest treatment of a yeast mass to disrupt
the cell walls is essential to enhance extractability and intestinal
absorption of nutrients and other metabolites. Acid and alkaline treat-
ments are of limited use because some desired yeast metabolites such
as carotenoids are sensitive to the chemicals (Davies, 1976). Mechanical
disruption of cell walls is laborious and hardly applicable on a com-
mercial scale. Phaff (1977) proposed the use of enzymatic cell wall
digestion to supplement mechanical disruption methods. Extracellular
yeast cell wall hydrolytic enzymes seem appropriate because they are
produced by a wide variety of micro-organisms (Phaff, 1977). Unfor-
tunately, the enzymes are usually inducible, and require presence of
appropriate yeast cell walls for optimal production in culture media;
preparation of the cell walls is tedious and laborious and not suitable
for large-scale production or continuous culture.

A mixed culture, containing the desired yeast and a lytic enzyme-
producing organism, is proposed. Simultaneous growth of the two organ-
isms could lead to induction of the lytic system and digestion of the
yeast cell walls. A commercially attractive feature of the proposed
mixed culture is that the lytic enzyme complex would require no expen-
sive purification or concentration

Bacillus circulans WL-12, has been extensively studied as a lytic

enzyme producing bacterium. It was originally isolated on a medium con-

taining cell walls of baker's yeast as the carbon source (Tanaka and



Phaff, 1965). Its lytic activity on the cell walls of other ascomyce-

tous yeasts (Tanaka et al., 1966), Piricularia oryzae and other fila-

mentous fungi (Tanaka et al., 1970), and the basidiomycetous yeast

Phaffia rhodozyma (Johnson et al., 1979) have been demonstrated and pro-

vide considerable evidence of the versatile ability of the bacillus to
adapt to different inducers,

Phaffia rhodozyma is a salmon-pink yeast. Its current economic

potential derives from its high content of astaxanthin (approaching 800-
900 ug/g yeast, depending on conditions in submerged culture) (Johnson
and Lewis, 1979). The pigment is in demand as a dietary supplement for
pen-reared salmonids which require adequate flesh coloration for con-
sumer acceptance. The pigment produced by Phaffia is readily absorbed
from the animal gut when the broken yeast without cell wall is added

to the diets of animals; it effectively colors the flesh of pen-reared
salmonids (Johnson et al., 1977) and also helps impart desirable golden
color to the egg-yolk and flesh of poultry (Johnson et al., 1980). The
yeast also contains a high level of unsaturated fat, protein and vita-
mins that contribute to good growth of animals. These attributes

enhance the potential industrial utility of Phaffia rhodozyma as a

source of astaxanthin in animal diets. Unfortunately, its cell walls
must be modified by suitable methods to enhance pigment availability
for absorption (Johnson et al., 1979).

Enzymatic digestion of the cell walls of Phaffia rhodozyma appears

very attractive because it is gentle and nondestructive to carotenoids.
In consequence, Johnson et al. (1978) successfully utilized the extra-

cellular cell wall lytic enzymes of Bacillus circulans WL-12 to treat

the yeast; the enzymes were induced during growth of the bacillus on



heat-killed Phaffia rhodozyma cells. Though modification of the yeast

cell walls (shown by extractability of astaxanthin by acetone-treat-
ment of cell mass) was achieved, some reduction in pigment concentration
due to the heat treatment, was observed. In the present study, a mixed
culture of the two organisms has been developed and utilized to achieve
lytic enzyme formation and yeast cell wall modification. The mixed cul-
ture has been grown under different conditions and their effects on
extractability of astaxanthin determined.

In these studies, defined or semi-defined media have been employed
for growth of the organisms. In commercial fermentation processes,
cheap relatively undefined substrates are used for economic reasons.
Carbohydrate-rich waste products of food industries such as whey, corn
steep liquor, molasses, starch wastes, etc, are commonly used. In
recent years, alfalfa residual juice (alfalfa solubles), a by-product
of leaf-protein extraction from the alfalfa plant (Kohler and de Fremery,
1975) has attracted some attention as a potential fermentation medium.
It has been successfully used without modification or pretreatment, for
production of single-cell protein from a yeast, Candida sp. (Parades-

Lopez and Camargo, 1973) and from Candida utilis (Mudgett et al., 1980).

The present work also tested its potential as a substrate for growth

and pigmentation of Phaffia rhodozyma. Limited success was achieved.

The substrate permitted adequate growth of the yeast, but the formation

of carotenoid was inhibited.



II. LITERATURE REVIEW

Yeasts, as a group of micro-organisms, are economically important.
Some species are pathogenic to man and livestock; yeast pathogens of
lower animals such as shrimps and plants, have also been described.
Other yeasts contribute to spoilage of foods and beverages. These
aspects have been reviewed in many publications (Ahearn, 1978; Beuchat,
1978; Gentles and La Touche, 1969; and Phaff et al., 1978). On the
credit side, yeasts may serve as sources of biological chemicals, and
as indispensable agents in many food and beverage fermentation pro-
cesses. Brewing, wine-making and bread-baking are examples of fermen-
tations that have attained international and commercial significance.
Yeasts have also become recognized sources of nutrients and other meta-
bolites used in the food industry and as single cell protein.

This review is primarily concerned with useful attributes of yeasts,
especially those amenable to commercial exploitation. In the first sec-
tion, an overview of yeasts and yeast products that are currently pro-
mising or in commercial use in food and feed manufacture, will be pre-
sented. Advantages of yeasts and their products over other sources will
be emphasized as much as possible. Some problems associated with nutri-
tional applications of yeasts will be discussed especially those caused
primarily by the rigid nature of the cell wall. The possible role of

the red yeast Phaffia rhodozyma in commerce will be explored.



A. APPLICATIONS OF YEASTS AND YEAST PRODUCTS IN

FOOD AND FEED MANUFACTURE

Harrison and Rose (1970) classified industrial uses of yeasts into
three categories based on the relationship between the yeast product
and the biochemistry of the organism. One category, which contains a
poorly-defined group of products resulting from interaction of yeast
enzymes with substrate, will not be treated further because it is not
associated with food manufacture. The second class of products are those
involved in baking and in alcoholic beverage production. The first cate-
gory includes a wide variety of yeasts and products, most of which are
intrinsic components of the cell, or are metabolites accumulated in the

cell under some cultural conditions.

Yeasts in baking and in alcoholic beverage fermentations.

In this application, fermentative yeasts especially strains of

Saccharomyces are used. Their products include C02, alcohols, such as

ethanol and glycerol, and various fusel oils produced during fermentative
metabolism. 002 is recoverable in some beverage fermentations as a sale-
able pure product in gaseous, solid or liquid form (Harrison and Rose,
1970). However, generally, yeast products are not recovered in pure
forms in baking and alcoholic beverage production. They contribute to
the desired complex flavor and texture of the finished beverage or
leavened product. It is noteworthy that in these ancient industries

no other group of organisms could replace the yeasts. 1In San Francisco

sour dough bread process, the bacterium Lactobacillus sanfrancisco is

responsible for souring the dough (Kline and Sugihara, 1971); however,

it coexists rather than competes with the yeast Saccharomyces exiguus




responsible for the leavening action (Sugihara et al,, 1971).

Yeasts and yeast products as food and feed supplements.

As mentioned previously, the organisms and products involved in
this section are diverse. Fermentative and non-fermentative yeasts are
involved. Products include dry whole yeast cells, 1ipids, macromolecular
constituents such as proteins, enzymes and nucleic acids, breakdown pro-
ducts such as amino acids, purines and pyrimidines, and extraction com-
pounds such as co-enzymes and vitamins. Harrison and Rose (1970) did
not include organic acids and carotenoids, but they probably belong to
this category, as would complex products like yeast extracts (autolysates).
In general, the yeast products are used either for nutrient enrichment,
or to enhance flavor, color and some functional attributes of foods.
Beuchat (1978) described some organic acids used in food manufac-
ture. One of them, citric acid, is employed in many foods and soft drinks
because of its flavor and its buffering properties. The mold, Aspergillus
niger, has been traditionally employed in surface culture for the fermen-
tative production of citric acid with molasses as the substrate. In

recent years, n-alkane-utilizing yeasts, especially Candida Tipolytica

(perfect form: Saccharomycopsis 1ipolytica), have shown considerable

promise in citric acid production (Marchal et al., 1977). This develop-
ment was a result of intensive research in the 1960's on hydrocarbon
utilization by yeasts (Shennan and Levi, 1974). Ikeno et al. (1975)

have shown that mutant strains of Candida lipolytica could produce high
levels of citric acid on substrates other than n-paraffins; examples

of the substrates are natural oils such as palm oil, fatty acids, glycerol

and ethanol. A problem caused by contamination of citric acid by



isocitric acid could be minimized by suitable choice of carbon substrate
{Treton et al., 1978) and by mutagenesis (Akiyama et al., 1972). These
findings improve prospects for commercial scale use of yeasts in citric
acid manufacture. Beuchat (1978) has described the advantages of yeasts

aver Aspergillus niger, which include the ability of the former to

utilize many substrates and quicker fermentation.

Yeasts, for a long time, have been known to be rich in the amino
acid lysine, and were thought to be potentially useful for supplementing
cereals and cereal products, such as corn, rye and malt (Spanyer and

Thomas, 1956; Mojonnier et al., 1955). Strains of Saccharomyces cere-

visiae and Candida utilis were even shown to increase their synthesis

of lysine in a corn steep liquor medium containing suitable precursors,
a-amino adipic acid and a-ketoadipic acid (KAA) (Broquist et al., 1961).
Though the accumulated lysine was not released into the culture medium,
it appeared not to be bound to protein and was extractable with hot
water. When the yeast cells were added to a lysine-deficient diet, they
promoted growth of chicks. Jensen and Shu (1961) successfully replaced
corn-steep liquor with molasses in production of lysine-rich baker's
yeast, using KAA as the precursor. Since KAA was expensive, Tanner et
al. (1977) achieved production of lysine enriched baker's yeast by varying
cultural conditions such as inoculum size, temperature, pH and others.

It was suggested that the variations in cultural conditions probably
affected levels of lysine precursors in the homocitrate-aminoadipic path-
way involved in lysine biosynthesis. In general, the production of ly-
sine-enriched yeast was thought very promising for enrichment of cereal
foods such as bread, which are deficient in the amino acid. It should

be noted that chemically-synthesized lysine is available for food



fortification, but the use of such synthetic products has been questioned
(Samoqyi, 1969).
Yeasts were also known to be rich in vitamins, especially those
of the B group (von Loesecke, 1946). However, riboflavin seems to be
the only one produced industrially by microbiological means; strains

of the yeasts Eremothecium ashbyii and Ashbya gossypii are employed

(Beuchat, 1978). According to Stanier et al. (1976), the microbiologi-
cally-based vitamin production has survived competition with chemical
industries. Large amounts synthesized by the yeasts are readily harvested
by concentration of culture broth and are used as animal feed supplements
(Phaff et al., 1978).

Enzymes derived from yeasts also find applications in the food indus-

try. Two of them, lactase and invertase, appear to be particularly impor-

tant. Lactase is traditionally produced by Kluyveromyces fragilis and

Kluyveromyces lactis (Aunstrup, 1977) by fermentation of lactose in whey

derived from the dairy industry. Beuchat (1978) has presented extensive
information on various aspects of the fermentation of whey for biomass,
ethanol and lactase production. A commercially-available lactase produced
by Kluyveromyces lactis is preferred to many other sources for hydrolysis
of lactose in milk and milk products because its optimum pH (6.8-7.0)
is near that of milk (= 6.6). The lactase hydrolyzed products are accep-
table organoleptically; in addition, digestibility by lactose-intolerant
individuals is improved (Guy et al., 1974).

Invertase is another enzyme currently produced in commercial quanti-

ties from yeast (Cochrane, 1961), and strains of Saccharomyces cerevisiae

and S. carlsbergensis are traditionally important (Boing, 1982). Candida

utilis has also been shown to produce high yields of invertase when grown



on sauerkraut waste (Hang et al., 1973). This waste product promoted
higher yields (up to 672,000 Units/g of dried yeast) of the enzyme than
a peptone-sucrose-yeast extract broth (approximately 207,500 Units/g
dry yeast). The process has been put into commercial use (Cousin, 1980).
Much invertase is used in the confectionary industry to convert sucrose
to invert sugar in order to prevent undesirable crystallization of the
disaccharide in confectionary products.

Yeasts have been considered as potential sources of fats and oils

usable in foods. Species of Rhodotorula and Lipomyces were rich in fats;

their 1ipid contents approached 60% of cell dry weight (Whitworth and
Ratledge, 1974). Though some filamentous fungi had comparable concen-
trations of fat, yeasts had higher fat coefficients (gram fat produced

per 100g glucose or sucrose). In addition, since yeasts had faster growth
rates and their fermentations could be easily manipulated, they were
preferred to the filamentous fungi as potential substitutes for conven-
tional plant and animal oils and fats. Unfortunately, cost analyses

of yeast fat production on alkanes and molasses showed that they had

no easily foreseeable advantages over the conventional sources. Never-
theless, Rose (1961) stated that microbial fat (presumably yeast fat)

was useful in Germany during the World Wars.

Closely related to lipids are sterols and carotenoids. It has been

shown that some strains of Saccharomyces cerevisiae can accumulate up

to 10% ergosterol (dry-weight basis) (Dulaney et al., 1954). Irradiation
with ultra-violet 1ight can transform some of the sterols into vitamin

D2 (calciferal), and Phaff et al. (1978) stated that the method is used
for production of yeast rich in vitamin D for human nutrition. Caroten-

0ids, especially g-carotene, are recognized food colorants. The carotene
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also serves as a precursor of vitamin A in foods and feeds. Yeasts,

especially species of Rhodotorula (Bujak, 1961) and Cryptococcus (Phaff
et al., 1978) were known to produce g-carotene, but yields were consi-
dered commercially unattractive. Filamentous fungi belonging to Zygomy-
cetes, especially mated cultures of Choanephora spp. and Blakeslea spp.

were thought to be more promising; cultures of Blakeslea trispora are

employed commercially (Ciegler, 1965; and Whitworth and Ratledge, 1974).
There seems to be a continuing interest in fungal production of caroten-
oids; this is obvious from recent production of g-carotene super-producing
mutants of Phycomyces spp. by Murillo et al. (1978). In recent years,

a red yeast Phaffia rhodozyma has shown considerable commercial promise

as a dietary source of astaxanthin for pen-reared salmonids. The fish
require adequate flesh coloration for consumer acceptance, and a diet
containing 15% red yeast was shown to induce pigmentation in rainbow

trout in 43 days (Johnson et al., 1977). The responsible carotenoid,
astaxanthin, comprises over 85% of the yeast's total carotenoids (Andrewes
et al., 1976), and could reach concentrations approaching 800-900 ug/g,
depending on submerged culture conditions (Johnson and Lewis, 1979).
Crustacean wastes which are currently used as sources of astaxanthin

in fish diets (Saito and Regiers, 1971; Spinelli et al., 1974), have

comparatively lower levels of carotenoid than Phaffia rhodozyma. In

addition, they (the wastes) may cause manganese deficiency in the fish
due to their abnormally high calcium contents (Meyers and Rutledge, 1971).
These deficiencies of crustacean wastes, and obvious presence of nutritive

components in Phaffia rhodozyma, enhance its potential value as a supple-

ment in salmonid diets. The yeast was also shown to help impart desirable

golden color to egg-yolk and flesh of poultry when fed to the birds



11

(Johnson et al., 1980). Color enhancement of egg-yolk caused by the
yeast was clearly evident when it was added to diets in combination with
marigold flower pigments and yellow corn.

There is current global interest in yeasts as sources of protein
and other nutrients for man and animals. Their high content of vitamins,
especially those of the B group, has been referred to earlier in this
review. As a protein source, whole yeast cells (yeast biomass) in wet
or dried form, or protein concentrates prepared therefrom, may be used.
Since ancient times, man has consumed yeast biomass through baked and
fermented foods, but the nutritional contribution of such biomass is
difficult to assess. Recently, Reed (1982) stated that in modern white
bread, yeast protein contributes about 5% to the total protein content.
Use of yeast biomass in animals feeds is also an old practice; it began
with addition of spent brewer's yeast to livestock feeds. Braude (1942)
has comprehensively reviewed the development of the practice and the
nutritional benefits of using yeast in various animal rations. The
Germans were the first to propagate yeast for use in human food; they

grew the yeast Candida utilis (also called torula yeast) in wood hydro-

lysates and in sulfite waste liquor from pulp and paper industry. Since
then other yeasts have been grown commercially on carbohydrates for food

and feed applications. They include Saccharomyces cerevisiae grown on

molasses, Kluyveromyces fragilis grown on whey (Peppler, 1968), and a

mixed culture of Candida utilis and Endomycopsis fibuligera grown on

potato processing wastes (Jarl, 1969; Skogman, 1976). The mixed culture
has been called "the Symba Process", and the role of E. fibuligera is
to furnish, by its amylolytic activity, reducing sugars for growth of

C. utilis. Though both organisms grow simultaneously, more than 90%
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by weight of Symba yeast is C. utilis, a recognized food yeast. One
further development in commercial propagation of yeasts is the use of
hydrocarbons as substrates; these include gas-cil, n-paraffins, kerosine,
and derived products such as ethanol and methancl. A detailed worid-
wide compilation of various hydrocarbon based fermentation processes
has been made by Laskin (1977). VYeasts especially Candida spp. consti-
tute the dominant group of organisms.

In order to clarify the nutritive value of yeasts, their vitamin
and aminc acid patterns have been determined by various workers. Bressani
{1968) reviewed some data on the amino acid and vitamin composition of
torula and brewer's yeasts. Wasserman (1961) presented similar informa-

tion on Kluyveromyces fragilis and compared it with data on other yeasts.

A1l the data generally indicated that yeasts were rich in vitamins and
lysine, and were balanced in others except the sulfur-containing amino
acids such as methionine and cystine. Many feeding experiments on labora-
tory animals and man confirmed the deficiency of yeast in the sulfur-
containing amino acids {Bressani, 1968}. Other studies, however, showed
that yeast protein (supplied as biomass) was a good supplement for cereals
and other foods. Additions of torula yeast to rice, corn, wheat, cotton-
seed and sesame improved protein quality of the foods as measured by

gains in body weight and protein efficiency ratios (PER} in experimenta)
animals. Since the tested foods were deficient in 1ysine, it was con-
cluded that the roie of added yeast was to make up the deficiency. Addi-
tion of yeast to soybeans did not achieve similar results because both
were deficient in methionine. As a result of these and other experiments
it was concluded that yeasts would become an excellent protein feedstuff

for use in diets if supplemented with methionine (Bressani, 1968; Smith
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and Palmer, 1976; Wang and Fields, 1979). Recently, methionine over-

producing mutants of Saccharomyces cerevisiae (Cheowtirakul, 1980) and

Saccharomycopsis lipolytica (Morzycka et al., 1976) have been produced.

This development would enhance the nutritive quality of the strains and
would obviate the need for use of synthetic methionine in diets.

In addition to its nutritive value, yeast biomass may serve other
purposes in foods. Reed (1982) states that inactive dried food yeasts
may contribute to flavor when added in small concentrations to fabricated
foods such as baked goods, baby foods, soups and others. Yeasts forti-
fied with water-soluble vitamins are also available in the form of tablets
or dried powders for therapeutic use. A torula yeast product has been
described as a flavor enhancer or extender in many food products; in
some meat products, jts use permits a 20 to 50% reduction in pepper and
other spices (Anon., 1974).

As mentioned previously, yeast protein may be applied to foods in
the form of concentrates derived from whole cells. Such concentrates
may have functional attributes in addition to their nutritive value.
Schnell et al. (1976) has described the nutritive and functional charac-

teristics of Torutein, a protein concentrate derived from Candida utilis

grown on ethanol. The protein is rich in lysine and is a complement

to cereal-based products. Addition of 5% Torutein not only increases
PER of corn cereal by 40%, it also markedly improves extensibility of
dough as well as the texture and flavor of such products as doughnuts
and wheat flour tortillas. Reed (1982) believes that the term single
cell protein (SCP) is more suitable for protein concentrates than for
whole cells (biomass), although it is popularly used for both. After

concentrating protein from yeast cells, glycan which contains primarily
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cell wall debris may be used as thickener for salad dressings, soups
and other food items. Of greater interest is the finding that isolated
comminuted cell walls of baker's yeast (yeast glycan) had a strong effect
in reducing cholesterol levels in rats fed a hypercholestrerolemic diet
(Robbins and Seeley, 1977). It was thought that the glycan might be
partly serving as dietary fiber. Yeast RNA may also be concentrated
after separation of protein and may be processed further to yield flavor-
enhancing nucleotides. Yeast autolysates (extracts) which are also useful
as flavoring agents and as condiments may also be prepared from yeast
biomass. Peppler (1978) and Reed (1982) have written an extensive chap-
ter and a review article covering global yeast propagation and production
of various yeast-derived products which find applications in food and
feed manufacture.

Microbial protein has been under intensive study in the last decade
as a means of alleviating global shortage of protein. Microorganisms
are thought to have advantages over conventional sources of protein,
namely, higher plants and animals. Kihlberg (1972) has discussed the
advantages. Briefly, microorganisms, in general, have a higher growth
rate, higher protein content and can be easily modified genetically to
improve their amino acid composition. Microbial propagation requires
only a small land area and can be carried out in continuous culture and
independent of climatic changes. In addition, single cell protein pro-
duction can be based on various raw materials which may be available
in large quantities and for long periods depending on locality. Among
the microorganisms, protozoa have received little consideration; they
have not been cultivated as a direct source of food (Bunker, 1968) and

would not compete with yeasts. Various experts (Anon., 1979; Bunker,
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1968; Beuchat, 1978; Kihlberg, 1972; and Reed, 1982), have reviewed the
relative merits and problems associated with various microbial groups

as sources of protein. All the groups tend to be deficient in sulfur-
amino acids when compared with conventional proteins such as whole egg,
and may cause digestive or allergic problems depending on the individual
consumer {animal or man), and the level consumed. However, the yeasts
are the most preferred source of SCP. Indeed, Moo-Young (1976) found

in a world-wide survey of commercial SCP facilities that 42 out of 54
plants use yeasts. Many workers (especially those cited earlier), have
provided possible reasons for the preferential use of yeasts. They
include, age-long acceptance of yeasts as food and fodder material and
their relative lack of toxicity or pathogenicity in comparison with other
microbial groups. In addition, the yeasts have a higher growth rate

and higher content of vitamin B than other fungi, they are non-dependent
on photosynthesis unlike the algae and they have less nucleic acid and
are easier to recover fram the culture medium than the bacteria. It
would appear that there is ample justification for the preferential use

of yeasts and their products in human and animal nutrition.

Some problems associated with use of yeast in foods.

Despite their widespread acceptance, some problems limit use of
yeasts in foods. One major problem is the high nucleic acid content
of the yeast cell (indeed of microorganisms generally!). Inclusion of
large amounts of yeast or yeast protein in human food is undesirable,
This is because uric acid resulting from nucleic acid degradation cannot
be metabolized by man, and could be deposited in the joints with conse-

quent risk of gout. Man lacks the enzyme uricase which oxidizes uric



acid to the more soluble allantoin. This problem would not arise in
animal feeding because they can metabolize uric acid. Edozien et al.

(1970) fed different levels of Candida utilis to humans and found that

daily feeding of 45 g yeast containing 2.9 g nucleic acid was sufficient
to raise serum uric acid to unusually high levels. They deduced that
maximum intake should be about 2 g of nucleic acid per day to avoid risk
of health problems. This means that for a yeast crop to be used in human
feeding, its nucleic acid content must be reduced to a safe level. Con-
siderable research has gone into this problem and promising methods have
now been developed for reducing the nucleic acid content of yeast biomass.
The methods have been discussed and the merits and demerits of each one
analyzed by Peppler (1978), Kharatyan (1978), and Kihlberg (1972). In
general, they include regulation of growth rate (and consequently nucleic
acid synthesis) by environmental manipulation, mechanical and chemical
disruption of cells to leach out nucleic acids, and use of exogenous
and endogenous ribonuclease with or without heat shock. Trevelyan (1976)
has developed an autolytic method. In general, some of the methods can
reduce yeast nucleic acid to about 1%. This progress, together with
the reasonably safe applicability of yeast in animal feeding, would pro-
bably continue to maintain the high place of yeast in the food industry.
Another problem connected with nutritional use of yeast is the limi-
ted digestibility or extractability of intracellular components of intact
yeast. Mitsuda et al. (1969) found digestibility to rats of proteins
extracted from torula cells to be 95.8%, whereas that of intact cells
was only 64.6%. Protein in intact cells of Candida sp. was also shown
to be appreciably less susceptible to an in vitro pepsin digestion than

the protein isolate removed from the cells by alkaline treatment (Mitsuda
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et al., 1970). The protein efficiency ratios (PER; grams of gain in

body weight per gram of protein consumed) for Saccharomyces cerevisiae
fed to mice (Hedenskog and Mogren, 1973; Mogren et al., 1973) and to
rats (Omstedt et al., 1975), were found to be 18-37% greater with mech-
anically disintegrated lyophilized cells than with intact lyophilized
cells. Johnson et al. (1980) found that astaxanthin produced by the

yeast Phaffia rhodozyma could not be deposited in the skin of rainbow-

trout when intact yeast was included in the feed, in contrast, efficient
deposition occurred when yeast cells were mechanically ruptured or enzy-
matically digested before inclusion into the feed. When the red yeast
was fed to birds (Johnson et al., 1980), astaxanthin from broken yeast
and astaxanthin contained in oil extracted with solvent (acetone) after
mechanical disruption of yeast, were deposited in egg-yolks; the pigment
was not biologically-available from intact yeast cells. Mahoney et al.

(1974) were unable to extract lactase from fresh cells of Kluyveromyces

fragilis unless the cell walls were ruptured; solvent-induced autolysis
and homogenization with glass beads were effective in permitting extrac-
tion of the enzyme. These studies indicate that the integrity of the
yeast cell must be disrupted to improve extractability or biological
availability of its metabolites. It is obvious that the major limiting
factor is the cell wall because its rigidity maintains the shape and
strength of the yeast cell (Phaff et al., 1978). In order to examine
further the practical importance of the yeast cell and methods available

for its disruption, its chemical components will be reviewed.
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B. THE STRUCTURE AND SIGNIFICANCE OF THE YEAST CELL ENVELOPE

The term 'cell envelope' may be used to include all structures com-
prising the surface on the yeast cell. In every yeast, the cell wall

normally forms an integument surrounding the wheie cell. However, in

some, for example Phaffia rhodozyma {Miller et al., 1976), the wall may
carry an externally-secreted capsular material; yeast capsules can be
considerably heterogeneous in chemical composition {Phaff, 1971). Hair-
Tike structures termed fimbriae have also heen found on the cell walis
of many yeasts (Poon and Day, 1975). That the fimbriae may be unrelated
to capsules could be inferred from their presence in relatively uncap-

sulated yeasts such as Saccharomyces and Schizosaccharomyces.

Chemical composition of the yeast cell envelope.

There is a great deal of information on the chemical composition
of the yeast cell) envelope which has been revealed by physical, chemical
and enzymatic analyses. The literature has been reviewed frequently
{Barlnicki-Garcia, 1968; MacWilliam, 1970; Phaff, 1971, 1977; Rose, 1978).
Only the basic features will be reviewed in this presentation.

According to MacWilliam (1970), the cell envelope of various strains
of brewing yveasts comprise 6-27% dry weight of the cell and contains
glucan (30-45%), mannan (30-45%), protein (10-25%), chitin (0.5-1.0%),
phosphate (0.1-2.0%) and lipid (6%). Many factors can affect the relative
proportions of the cell wall components. They include (in addition to
strain differences) culture age (Masschelein et al., 1963), substrate
availability (carbon{glucose} and nitrogen [NH4) (McMurrough and Rose,
1967}, phosphate availability (Ramsay and Douglas, 1979} and growth

factor (such as inositol) deficiency (Power and Challinor, 1969).



Occurrence in some yeasts, of different morphological types, for example

mycelial and blastospore forms in Candida albicans (Chattaway and Holmes,

1968) and Paracoccidioides brasiliensis (Kanetsuna et al., 1969), and

ellipsoidal and triangular forms in Trigonopsis variabilis

(Sentheshanmuganathan and Nickerson, 1962), may also introduce variations
in amounts of various cell wall components. These possibilities are

essential to this study because Phaffia rhodozyma contains typical vege-

tative and chlamydospore forms (Miller et al., 1976).
1. Glucans

The glucan component of the yeast cell wall is a highly branched
polysaccharide. In Saccharomyces cerevisiae there are at least three
separable molecular species, namely, an alkali-insoluble, acetic acid
insoluble g-(1-3) glucan (Manners et al., 1973a), an alkali-insoluble,
acetic acid soluble g-(1-6) glucan (Manners et al., 1973b) and an alkali-
soluble 8-(1-3) glucan (Fleet and Manners, 1976). There is electron
microscopic evidence that the alkali-insoluble glucans (8-(1-3)) occur
in the cell wall as a tightly-structured microfibrillar network (Kopecka
et al., 1974); they are thought to be primarily responsible for the shape
and structural integrity of the wall.

In addition to the s-linked glucans, «-(1-3) glucans are present
in the walls of some yeasts and many higher fungi. These alkali-soluble

polysaccharides appear to be absent in the walls of Saccharomyces cere-

visiae, but they have been detected in the cell walls of species of

Schizosaccharomyces and Cryptococcus (Bacon, 1968) and in the red yeast

Phaffia rhodozyma (Miller et al., 1976). Jones et al. (1969) showed

that the level of a-(1-3) glucan synthesized by a yeast may depend on

the medium of growth. In a rich medium (glucose-peptone), Cryptococcus
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albidus and C. terreus synthesized a normal component, but in glucose-
salts medium, the level of «-(1-3) glucan was reduced. It was also
observed that the cell walls of C. albidus grown in the less favorable
medium had greater susceptibility to lysis by a Streptomyces spp. and
Cytophaga johnsonii than those of the cells grown in the richer medium.
This probably indicates that «-(1-3) glucan plays a role in maintenance
of cell wall integrity.

2 Mannan

Studies on the mannan component of yeast cell walls have been revi-
ewed by Ballou (1976). Mannan appears, on the one hand, to be complexed
with protein, and on the other, with glucan. Indeed, it is often present
in alkaline extracts of yeasts as mannan-protein complex mixed with some
alkali-soluble glucan (Phaff, 1977). Previous workers such as Kessler
and Nickerson (1959) had isolated glucan-mannan-protein complexes from
yeast cell walls. In general, there are three parts to the mannan mole-
cule. The backbone consists of an «-(1-6)-Tinked chain of mannose resi-
dues; to this short a-(1-2) and a-(1-3)-linked mannose side chains are
linked. Structural analyses have shown that the side chains vary in
Tength with different strains of yeasts and may contain other side groups
such as phosphate (in some strains of Saccharomyces), mannosyl phosphate
(in Kloekera species), and N-acetyl glucosamine (in species of Kluyvero-
myces) (Phaff, 1977). Then there is an inner backbone near the point
of attachment of protein. This core is also known to have an a-{1-6)-
linked mannose backbone and short a-(1-2) and a-(1-3)-linked mannose
side chains; the backbone is linked through N-acetylglucosamine to an
aspartate residue in protein. The protein also carries manno-oligosac-

charide attached to it via serine and threonine residues; the short



oligosaccharides appear to have the same structure as those of the side
chains of the high molecular weight mannan, and are removable by mild
alkaline treatment {Sentandreu and Northcote, 1968).

The mannan-protein complex has structural {(just described), and
enzymic portions. The latter fraction consists of the glycoprotein enzy-
mes, such as invertase, acid phosphatase, glucamylase (Lampen, 1968).
They appear toc be partly localized in the periplasmic space and some
workers such as Lampen (1968) and Kidby and Davies (1970) have proposed
models to illustrate the relationship of these enzymes with other compo-
nents of the cell wall. According to the later model (see Appendix 1),
invertase is not complexed with other wall components and is retained
in the periplasmic space by an external region of the cell wall which
contains disulfide bridges, serves as permeability barrier and maintains
cell wall integrity.

3. Chitin

As mentioned previously in this review, some N-acetylglucosamine

1inks the inner core of mannan with protein; this accounts for the pre-

sence of glucosamine in acid hydrolysates of walls of Saccharomyces cere-

visiae. The bulk of the N-acetylglucosamine, however, is present as
a g-{1-4)~1inked polymer called chitin. Exhaystive extraction of mannan,
glucan, protein and 1ipid leaves the chitin as an insoluble residue

(Phaff, 1971). It has been shown that in Saccharomyces cerevisiae, the

chitin is localized in bud-scars (Cabib and Bowers, 1971). Some yeasts,

for example species of the fission yeast Schizosaccharomyces (Bush et

al., 1974}, and triangular forms of Trigonopsis variabilis (Sentheshan-

muganathan and Nickerson, 1962}, seem tc be entirely devoid of chitin,

In Phaffia rhodozyma, the polymer also appears to be lacking (Johnson
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et al., 1979), while in some members of Cryptococcus (Bacon et al., 1968)

and in general Rhodotorula, Sporobolomyces and Nadsonia fulvescens, the

chitin content can be quite high (Kreger, 1954).

4. Lipid, Protein and Phosphate

Lipids have been isolated from yeast cell walls, but whether they
are true wall components has often been questioned (Rose, 1978)., They
are often thought to be contaminants from the lipid-rich plasma membrane.
Dyke (1964) appeared to provide some reliable evidence that lipids are
intrinsic components of the cell wall. It was shown that cell wall pre-

paration from Nadsonia elongata, which was not significantly contaminated

with cytoplasmic material, contained lipid. Of particular interest was
that palmitoleic acid, the major fatty acid of whole cells, was completely
absent from the cell wall.

Proteins and phosphates exist in the yeast cell wall mainly as com-
plexes with mannan. Amino acid analyses have shown that the proteins
may be of great variety and may serve to cross-1ink mannan sub-units,

thus increasing cell wall integrity (Thieme and Ballou, 1972).

Significance of the yeast cell envelope.

The envelope serves obvious protective functions for the cell. The
enzymic components such as invertase, may be important in cellular nutri-
tion. One evidence of this is the finding that sucrose-fermenting ability

of a strain of Saccharomyces cerevisiae was lost when it was converted

to protoplasts by enzymatic digestion of its walls (Islam and Lampen,
1962).
Besides its physiologic functions, the yeast cell envelope may have

practical consequences depending on the type of yeast. In some pathogenic



yeasts such as Cryptococcus neoformans, the capsule is important in viru-

lence (Gentles and Latouche, 1969), possibly due to its ability to inhibit
phagocytosis by macrophages (Gadebusch, 1960). There is evidence that

resistance of Candida albicans to polyene antibiotics is related to the

integrity of the cell wall which limits diffusion of the antibiotics;
stationary phase cells with thicker walls are more resistant than expo-
nential phase organisms (Hammond and Kliger, 1974; Gale, 1975).

The mannan molecule confers serologic specificity to strains of
yeast (Campbell and Gilmour, 1969). Phaff (1977) attributed this to
the side chains containing a-(1-2) and a-(1-3) mannose-linked residues
and other attached groups which have been described in this review; the
side chains and groups vary in their length and nature with different

strains of yeast. In the genus Saccharomyces, serological differences

have been exploited in devising methods for identifying wild strains
in the brewery (Campbell, 1968; Richards and Cowland, 1967).
Flocculence, a desirable property of brewing strains of yeast, is
determined by the cell wall. MacWilliam (1970) reviewed the structure
of yeast cell wall in relation to the phenomenon of flocculation.
According to the review, the mannan-protein fraction of the wall is
involved in the phenomenon. Specific components include phosphodiester
linkages in the cell wall phosphomannan (Lyons and Hough, 1971) or car-
boxylic groups in wall proteins responsible for bridge formation with
catt between the cells (Taylor and Orton, 1973; Stewart et al., 1975).
There is also some evidence that the fimbriae are involved in yeast floc-
culation (Day et al., 1975). Cell surfaces of flocculent strains of

Saccharomyces cerevisiae and S. carlsbergensis (uvarum) were found to

carry more fimbriae than those of non-flocculent strains. What seems



to be interesting here is the observed ability of «-amylase and pronase
to destroy flocculating ability; it was suggested that the fimbriae might
be surface mannan-protein complexes.

The role of the cell wall in flocculation of yeast appears to be
a desirable one. However, the structure presents problems where large
crops of yeast cells are grown specifically for use as sources of nutri-
ents and other metabolites applicable in foods. Limitations imposed
by cell walls on solvent extractability and intestinal absorption of
nutrients and commercially desirable metabolites of yeasts have been
reviewed earlier. They necessitate appropriate post-harvest treatments

designed to disrupt or modify yeast cell walls.

Methods of yeast cell wall modification.

The effects of mechanical breakage and autolysis in enhancing extrac-
tion and absorption of protein, astaxanthin and lactase from various
yeasts have been pointed out previously. Other methods of yeast modi-
fication are plasmolysis, hydrolysis, enzymatic, chemical and genetic
(mutagenesis). Many of the procedures have been reviewed by Tannenbaum
(1968), with emphasis on their application in single cell protein
processing.

Mechanical disintegration of yeasts for various purposes is an effi-
cient procedure in laboratory practice. Some industrial scale homogeni-
zers have been described and shown to have potential utility in extraction
of protein, enzymes and possibly other products of yeasts (Follows et
al., 1971; Hedenskog and Mogren, 1973; Mogren et al., 1974). It is
doubtful whether the instruments are commercially available in large

quantities and at moderate prices. Mechanical disruption of yeast cell
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walls, in general, would be expensive in view of large energy required
for the process (Phaff, 1977).

Thermal processing of yeast in aqueous or oil suspensions and drum-
drying, were effective in improving nutritive value of yeast protein
as shown by high protein efficient ratios (PER) in mice (Mogren et al.,
1973). Spray-drying, apparently milder than drum-drying, was not effec-
tive. Since drum-drying did not rupture the cell wall (as shown in
electron micrographs), its effect in increasing nutrient availability
(as shown by PER) was thought to be due to adverse effects on the selec-
tive permeability of the plasma membrane. It is important to note that
heat treatment would be inapplicable to yeasts meant for use as sources
of carotenoids and possibly enzymes, because the components would be
considerably denatured. For example, Johnson et al. (1978) observed

an appreciable reduction in astaxanthin content of Phaffia rhodozyma by

heating the yeast at 80°C for only five minutes.

Autolysis and plasmolysis utilize the cell's indigenous enzymes
for dissolution of the cell walls. The former is achieved by incubating
the cells at pH 6.5 and at 45-50°C for up to 14 hr (Hough and Maddox,
1970). It has been used in extraction of commercial enzymes such as
lactase (Mahoney et al., 1974) and invertase (Cochrane, 1961). In plas-
molysis a high concentration of sodium chloride (up to 25%) is used to
accelerate autolysis of yeast. The two procedures, together with hydro-
lysis are used in preparation of commercial yeast extracts used as
flavoring agents (Acraman, 1966; Johnson, 1977). The latter procedure
(hydrolysis) involves disruption of yeast walls with strong acid (HC1);

it may be destructive to some nutrients such as tryptophan (Kihlberg,

1972) and would be undesirable for carotenoid extraction. Johnson et al.
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(1980) suggested possible use of autolysis for treating Phaffia rhodozyma

to enhance bio-availability of the carotenoid astaxanthin. Since many
chemicals (commonly organic solvents) have been used to accelerate auto-
lysis of many yeasts, some discrimination might be essential if the pro-
duct would be used as food or feed.

Some chemical methods which have been applied to extraction of yeast
metabolites include use of concentrated urea, sodium hydroxide and thiol
reagents. Soaking with a strong solution of urea (8M) was effective
in protein extraction (Mitsuda et al., 1969), but Kihlberg (1972) has
mentioned possible formation of questionable substances such as homo-
citrullin and cyanate during urea soaking. Concentrated sodium hydroxide
has been used for protein extraction from yeast (Lindblom, 1974; Vananuvat
and Kinsella, 1976; Hedenskog et al., 1970; Hedenskog et al., 1973).

Some of these workers achieved satisfactory extraction of protein with
the alkali only after mechanical disintegration of cells; this would
complicate the procedure and increase cost in a commercial situation.

In addition, alkali can denature some amino acids such as lysine, cystine
and arginine (Kihlberg, 1972). Carotenoids are also labile to alkali
(Davies, 1976) and the procedure would not be useful for disrupting cell
walls of carotenoid producing yeasts. Thiol reagents were applied to
enhance protein extraction from yeast by Shetty and Kinsella (1978).
Since the reagents activated proteolytic enzymes which hydrolyzed extrac-
ted protein, initial control of the procedure was considered necessary

to avert the hydrolysis. However, the pungent odor of some of the thiols
such as dithiothreitol would probably preclude their use in commercial
treatment of food or feed yeast.

Genetic procedures (i.e. mutagenesis) have been used to modify yeast
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cell walls for possible commercial application. Harada et al. (1972)
isolated a wall-defective mutant of a hydrocarbon assimilating Candida sp.
Protein from the mutant showed greater susceptibility (than the parent)

to extraction by alkali and to in vitro pepsin digestion. The mutant

was also more susceptible than the parent to homogenization in a Manton-
Gaulin homogenizer; 100% versus 37.9% disruption were achieved in 7.5
minutes disruption time. Mehta and Gregory (1981) isolated mutants of

Saccharomyces cerevisiae and Candida utilis with increased susceptibiiity

to digestive enzumes. Unfortunately, the observed cell wall deficiency
in some of the mutants did not appreciably enhance efficiency in utili-
zation of their protein by rats. Johnson et al. (1980) has suggested

development of capsule-deficient mutants of Phaffia rhodozyma as a possi-

ble method of improving utilization of its carotenoid astaxanthin. It

is pertinent to mention that long-term stability of wall-defective mutants
would be difficult to predict and that this would probably retard their
possible commercial applications.

A method of veast cell wall modification that has considerable com-
mercial potential is enzymatic digestion by means of wall-lytic enzymes.
Though it was proposed by Phaff (1977) for possible application in pro-
tein extraction, it would be useful for other yeast products such as
carotenoids which are labile to many physical and chemical cell wall
disruption methods. Sources and basic characteristics of cell wall lytic
enzymes will now be reviewed in relation to their potential utility in

yeast processing.
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C. SOURCES AND CHARACTERISTICS OF YEAST CELL WALL LYTIC ENZYMES

Enzymes with lytic activity on components of the yeast cell wall
belong to two broad categories, namely, endogenous lytic enzymes pro-
duced by the yeast itself, and lytic enzymes produced by other Tiving

organisms.

Endogenous lytic enzymes of yeast.

Knowledge in this category of enzymes has accumulated as a result
of attempts to understand some morphogenetic phenomena which probably
necessitate some localized wall softening in the yeast cell cycle. These
phenomena include budding, mating, ascus lysis, cell elongation, auto-
1ysis and others. Much work in the field has emphasized glucanases of
yeast, probably because of the well established role of glucans in main-
tenance of cell wall integrity. However, yeast associated chitinases
and xylanases have also been found. Phaff (1977, 1979, Villanueva et
al., 1979), have reviewed the literature on endogenous lytic enzymes
of yeasts. The available information indicates that levels and patterns
of activity of the enzymes can vary considerably ameng yeasts. Insta-
bility of some of the enzymes make studies difficult. [t fs also clear
that relatively little work has been done on wall lytic enzymes of basi-
diomycetous yeasts. With regard to their potential practical utility,
Phaff (1977) emphasized that limited knowledge of the regulation {inclu-
ding activators and inhibitors) of the yeast-associated enzymes, is a
major stumbling-block. In this respect, it is noteworthy that Shetty
and Kinsella {1978) claimed that thiol reagents which enhanced extract-
ability of protein from brewer's yeast, activated the yeast's wall-asso-

ciated glycosidases. Their claim was based on release of soluble
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oligosaccharides from yeast cells during incubation with the thiol
reagents. It would appear that further research might unravel methods
of utilizing yeast endogenous enzymes to modify the cell and improve

its commercial utility.

Yeast cell wall lytic enzymes from other sources.

The main sources are the digestive juice of the garden snail and
suitable culture fluids of certain microorganisms. In general, the lytic
enzymes occur as complex mixtures of hydrolytic enzymes capable of de-
grading some or all the major components of the yeast cell wall. The
hydrolytic components of lytic mixtures are usually detected by appli-
cation of suitable assay procedures and may vary in relative proportions
and combinations depending on the source. The snail digestive juice
for example, contains glucanases, lipases, phosphatases and possibly
chitinases (Anderson and Millbank, 1966), the lytic complex of Oerskovia
sp. CK contains glucanases (g-(1-3) and g-(1-6)), mannanase, protease

and amylase (Obata et al., 1975), the lytic complex of Bacillus circulans

WL-12 contains glucanases (a-(1-3), g-(1-3), and g-(1-6)), xylanases
and chitinase (Johnson et al., 1978, 1979). Some of these and other
lytic enzymes, in crude or purified forms, have become potent tools in
structural analysis of fungal (including yeast) cell wall polysaccharides,
and in protoplast formation (Fleet and Manners, 1977; Kopecka, 1975;
Kopecka et al., 1974; Villanueva and Acha, 1971). At least one lytic
enzyme has been used for isolation of DNA from yeast (Shurygin et al.,
1978).

The 1ytic enzymes of the snail digestive juice are available com-

mercially, but their Timited quantities restrict their use to laboratory



studies. In contrast, microbial sources of lytic enzymes are thought

to be more promising for industrial use, especially in treatment of yeast
to enhance recovery of useful intracellular metabolites. Microorganisms
that produce lytic enzymes are of great variety (Kopecka, 1975; Phaff,
1977; Sugimori et al., 1972; Villanueva and Acha, 1971). They include
unicellular bacteria especially Bacillus spp. (Tanaka and Phaff, 1965),
myxobacteria and actinomycetes (Jones et al., 1969) and filamentous fungi
(Sugimori et al., 1973). Only the bacteria will be discussed further

in relation to their potential use in yeast processing.

Enzymes that lyse yeast cell walls are produced by Arthrobacter,
Bacillus, Cytophaga, Oerskovia and Streptomyces (Phaff, 1977). In addi-
tion to obvious morphological differences among the genera, the composi-
tion of the lytic enzymes complexes also vary, as illustrated by the

composition of the lytic complexes of Bacillus circulans and Oerskovia

sp. previously described (Obata et al., 1975; Johnson et al., 1979).
However, g-glucanases, especially g-1-3-glucanases appear to be common
components of these complex mixtures of enzymes; this is consistent with
the role of glucans in maintenance of yeast cell wall integrity. In
some of the lytic mixtures, the isolated g-glucanases (chiefly g-1-3,
but also g-1-6), acting alone are sufficient to achieve lysis of yeast
cell wall preparations (Tanaka and Phaff, 1965) or whole viable cells
(Kitamura et al., 1975); in the latter case, an endo-g-1-3-glucanase
which lysed viable yeast cells was termed zymolyase. In other cases,

alkaline proteases from Oerskovia xanthineolytica and Arthrobacter sp.

were shown to act synergistically with their respective endo-g-1-3-

glucanases in lysis of others strains of Saccharomyces cerevisiae (Scott

and Schekman, 1980; Vrsanska et al., 1977a). Another glucanase,
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a=-1-3-glucanase produced by Bacillus circulans WL-12 appears to play

an important role in lysis of cell walls of yeasts containing a-1-3-

glucan in their cell walls, for example Phaffia rhodozyma (Johnson et

al., 1979).

Most lytic systems known are inducible; a suitable preparation of
yeast cell walls must be present as carbon source in the culture media
for optimal induction of the enzyme systems. This means that efficiency
of a lytic system is not only determined by the overall capability of
the producer, but also by the nature of the cell wall inducer. For exam-
ple, in an experiment called the cross-induction test, Tanaka and Phaff

(1966) showed that Bacillus circulans WL-12 which was inherently capable

of lysing cell walls of Schizosaccharomyces pombe, could not do so when

other yeasts including Saccharomyces cerevisiae served as inducers of

its lytic enzyme complex. A culture filtrate, derived from growth of
Oerskovia sp. on viable cells of S. cerevisiae, differed in its effects
on viable cells of other yeasts and was totally unable te lyse cells

of Rhodotorula rubra and Sporobolomyces salmonicolor (Mann et al., 1972).

The resistance of the yeasts was thought to be due to their relationship
to basidiomycetes; cell walls of that group of yeasts differ structurally
from those of ascomycetous yeasts (Kreger-van Rij, 1971). Many basidio-

mycetous yeasts were also resistant to lysis by an enzyme of Arthrobacter

GJM-1 induced by baker's yeast cell walls (Vrsanska et al., 1977b).

These Timitations of lytic enzymes, caused primarily by differences
among the producers and among yeast cell walls, must be taken into account
in any scheme for processing yeasts enzymatically. Some preliminary
screening is essential to demonstrate unequivocally that a given organism

has lytic ability on the walls of a desired yeast. One suitable method
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of testing for lytic activity is the cup-plate assay. VYeast cell walls
are incorporated in agar and a crude culture fluid of the lytic organism
dropped in wells in the agar plate. If lytic enzymes are present, a
clearing zone is observed visually (Tanaka and Phaff, 1965). Similarly,
a bacterium may be streaked on a nutrient agar plate containing the cell
walls of the yeast; development of lysed zones around the streak will
then serve to indicate lytic ability on the cell walls. An alternative
is to suspend the yeast cell walls in buffer, add the enzyme source,
and to follow spectrophotometrically the decrease in turbidity caused
by the enzyme solution. In all the tests, heated or viable yeast cells
may be used to replace cell walls (Yokotsuka et al., 1974). Because
the glucans of the yeast wall contain principally g-1-3 and g-1-6 bonds,
some workers have tested the ability of lytic enzymes to hydrolyze g-1-3
and g-1-6 polymers, laminarin and pustulan respectively. Such tests
would not be useful approaches in evaluating the practical utility of
lytic enzymes. It has been shown that fractions of lytic enzymes showing
appreciable Taminarinase and pustulanase activities may be deficient
in yeast cell wall lytic activity (Fleet and Phaff, 1974). Besides,
Mann et al. (1978) observed considerable variations (7.5-fold) in ratios
of lytic to laminarinase activity of various strains of Oerskovia and
have argued that laminarinase activity of crude enzymes is not a satis-
factory indicator of cell wall lytic activity. In general, reliable
evaluation of the lytic potential of an organism or its enzyme system
must be based on assays using appropriate yeast cell walls as substrates.
Other characteristics of a lytic organism may be important in assess-
ment of its commercial potential. For example, many strains of Oerskovia

xanthineolytica had predatory activity on Saccharomyces cerevisiae in




cross-streaks onagar plates; the morphology of the cells varied with
stages of the culture and included a motile phase (Mann et al., 1978).
In addition, their activity on viable cells quickly Tysed these cells
in mixed cultures in absence of osmotic support (Mann et al., 1972).
The potential significance of these features will be apparent from a
review of some methods in which 1ytic systems could be utilized in large-
scale processing of yeast.

A simple enzymatic treatment of yeast would involve an addition
of a culture fluid containing a lytic system to a harvested washed yeast
mass. Adoption of this approach is limited by the inducible nature of
lytic systems; yeast cell walls cannot be prepared on a large-scale for
inclusion in culture media. Since many lytic organisms are now known
to attack viable cells, the need for cell wall preparation could be

avoided. Indeed, an Arthrobacter sp. has been grown on Saccharomyces

fragilis for production of lytic enzyme complex in batch and continuous
flow fermentors; lytic activity was induced by whole yeast cells (Rowley
and Bull, 1977). Enzymes produced in such fermentation might be useful
in treatment of yeast mass harvested from cultures. A second possible
approach is to inoculate the lytic organism directly onto fresh or heat-
killed yeast mass. Only an organism that does not totally lyse yeast
cells could be used in this method because release of some intracellular
products into the medium might complicate their recovery. The heat treat-
ment might be necessary because some lytic organisms have no effect on
viable cells (Webley et al., 1967). Johnson et al. (1978) successfully
used Bacillus circulans WL-12 to modify the cell walls of Phaffia
rhodozyma after killing the yeast by treatment at 80°C for 5 minutes.

Unfortunately, the heat treatment caused some decrease in the content
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of astaxanthin in the yeast. Clearly, heat treatment of Phaffia rhodo-

zyma would be undesirable. Otherwise, a temperature lower than 80°C

or a shorter time period should be used to minimize pigment losses. It
is 1ikely that intracellular yeast proteins that may have nutritive value
could also be lost through heat treatment.

A third possibility in large scale enzymatic treatment of yeast
would be to grow the lytic organism in mixed culture with the desired
yeast. Simultaneous growth of the two could lead to induction of the
lytic system and modification of the yeast cell walls. The preferred
lytic organism should have attributes that would guarantee possible co-
existence with the desired yeast; it should have no predatory charac-
teristics like the Oerskovia spp. mentioned previously and should be
able to digest yeast walls without effecting total lysis of the cells.

Before a consideration of Bacillus circulans WL-12 as a potential candi-

date in this respect, some industrial applications of mixed cultures

will be reviewed.

D. INDUSTRIAL APPLICATIONS OF MIXED CULTURES

It is well known that mixed populations are characteristic of
natural environments such as the soil, water, air, bodies of plants and
animals, As a result, fermentations of wastes (such as those involved
in composting and sewage treatment), and natural products, are mediated
by mixed cultures. Among the fermentations of natural products are those
involved in food production, for example sauerkraut, cheese and other
dairy products, and some alcoholic beverages. Knowledge of the types

of organisms involved in a given fermentation has led to the use of
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defined strains often termed "starter cultures"; some of these may be
mixed cultures of different species or strains but will not be consi-
dered here. The primary interest here is on mixed cultures of organisms
which were not naturally associated with known fermentations, but which
were brought together to achieve specific objectives in industry.

Many advantages of mixed cultures over pure cultures have been clai-
med in fermentation systems (Larsen et al., 1978). They include, among
others, increased yield and higher food value of product, more efficient
utilization of mixed substrates, higher growth rates, improved process
stability, and lower incidence of contamination. Many combinations of
microorganisms can be employed to achieve desired ends. However, this
discussion will be limited to those in which at least one member is a
yeast.

It appears that most of the mixed cultures which have employed yeasts
were designed primarily to produce single cell protein (in form of bio-
mass). Carbohydrate-rich substrates including waste products from the
food industry, have been employed. Unfortunately, the yeast intended
for cultivation often lacked the enzymatic machinery for utilizing the
polymeric substrates, starch and cellulose. Another organism (probably
a yeast), was therefore added to the culture to hydrolyze the substrate
and furnish the reducing sugars needed for growth of the desired yeast.

This principle was the basis of a mixed culture on starch wastes, of

two yeasts, Endomycopsis fibuligera and Candida utilis (a recognized

food and feed yeast). The process has current industrial application;
it is called the "Symba Process", and has been extensively described
by Jarl (1969), Skogman (1976) and Wiken (1972). Amylolytic enzymes

produced by the former yeast hydrolyze the starch to reducing sugars
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which are utilized by the faster growing Candida utilis. It is estimated

that more than 90% of the final product (Symba yeast) is Candida utilis.

Mixed cultures based essentially on the same principles, but utilizing
alkali-treated barley straw as the substrate, have been described for

Trichoderma viride (a cellulolytic fungus) and Candida utilis or Saccharo-

myces cerevisiae (Peitersen, 1975), and Cellulomonas sp. (a cellulolytic
bacterium) and C. utilis (Kristensen, 1978). In general, mixed cultures
produce useful biomass from otherwise waste materials and reduce their
pollution effects on the environment.

In some mixed cultures, one of the components appears to stimulate
growth of the other, possibly by production of a growth factor required

for its growth. For example, a strain of Candida lipolytica which could

not grow on unsupplemented mineral salt-n-alkane medium, achieved good

growth in presence of Candida intermedia (Miller and Johnson, 1966).

The mixed culture grew more rapidly on n-alkanes than did C. intermedia.
Though workers did not examine the substance which stimulated C. lipoly-
tica in the mixed culture, some growth factors secreted by the other

component may be involved. It has been shown that Mycotorula japonica

which could scarcely grow in a pure culture, grew well in a mixed culture

containing Bacillus subtilis (Miura et al., 1973). The bacterium was

shown to excrete desthiobiotin which served as a source of biotin required
for growth by the yeast.

Two yeasts, Candida lipolytica and C. tropicalis achieved higher

growth rates in mixed culture than in pure culture on an n-paraffin
fraction of crude o0il and on glucose (Achremowitz et al., 1977). About
18% higher yields of biomass was observed in the mixed culture than in

the individual cultures. Apparently, a mutual stimulatory effect of
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both yeasts occurred in mixed culture. Kamel (1979) reported simul-

taneous growth of two approved food grade yeasts, Candida utilis and

Saccharomyces cerevisiae on waste carbohydrates from date processing

(containing primarily glucose and fructose). The yeasts grown together
yielded a higher protein content (52.4%) at a shorter fermentation time
(8 hours) than did either yeast grown separately (49.4% for C. utilis,
and 50.2% for S. cerevisiae) even with longer time of growth (12 hours).
Again it can be assumed that the two yeasts had some mutually beneficial
effects in the mixed culture.

Sulfonated lignin (in beech wood pulping wastes), a substance highly
resistant to microbial attack, was reduced by use of a mixed culture

(Ban et al., 1979). An adapted culture containing two Trichosporon spp.

(yeasts), two Arthrobacter spp., Pseudomonas putida and Chromobacterium

violaceum (all bacteria), was used. Ratio of the bacteria to the yeast
was 80:20, as established by counting. The fermentation was carried
out in a fermentor at 35°C and an initial pH of 8.5. In 24 hours, about
50% of the calcium lignosulfonate in the wood pulping waste was metabo-
lized by the organisms and single cell protein produced as by-products.
The foregoing examples illustrate how suitable mixed cultures can
produce or enhance yield of useful biomass on otherwise waste products,
There is also evidence that some organic acid conversions can be mediated
by mixed cultures. Bull (1980) described some organic acid fermentations

developed in Japan. One of them involves a yeast, Pichia membranaefa-

ciens. In the mixed culture, species of Rhizopus, especially Rhizopus
arrhizus (Takao and Hetter, 1977) first converts carbohydrate (glucose)
to fumaric acid. The yeast (P. membranaefaciens), with high fumarase

activity, then converts the fumarate to malic acid.



Many other applications of mixed cultures have been described. They
include other processes for production of single cell protein (including
lysine-enriched yeast) from waste products, and authentic chemical com-
pounds such as ethanol from cellulosic wastes. Most of the processes
are described in the patent Titerature and a comprehensive review has
been presented by Haas et al, (1980).

The usefulness of mixed culture in production of yeast biomass from
a variety of substrates does not solve the problems caused by the struc-
tural integrity of the cell walls. Many of the problems have been dis-
cussed in earlier sections of this literature review. Modification of
yeast cell walls by means of lytic enzymes of microbial origin was sug-
gested (Phaff, 1977) as an attractive approach because of the nondestruc-
tive effect of the enzymes on yeast metabolites. As an alternative to
the use of lytic enzymes per se, a mixed culture containing a desired
yeast and a suitable lytic enzyme-producing organism was proposed; this
approach has not been done before and would represent a novel mixed cul-

ture fermentation. Bacillus circulans WL-12 which produced a lytic

enzyme, has considerable potential for mixed culture application. It

is unicellular throughout its 1ife cycle and has no predatory activity

on yeast. The lytic enzyme complex of the bacillus is versatile and

is inducible by ascomycetous and basidiomycetous yeasts (Tanaka and Phaff,
1966; Johnson et al., 1979). The composition of the enzyme compiex shows
that it is deficient in proteolytic and mannanase activity (Tanaka and
Phaff, 1965); thus its hydrolytic activity is limited only to the glucan

portion of the yeast cell wall. These features of Bacillus circulans WL-

12 are considered important because they would guarantee its co-existence

with a yeast in mixed culture. Many lytic organisms, especially strains
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of Oerskovia xanthineolytica, have predatory activity on yeast at some

stage of their 1ife cycle (Mann et al., 1978). In addition, many species

of Qerskovia (Obata et al., 1975; Mann et al., 1978) and Arthrobacter spp.

(Rowley and Bull, 1977; Vrsanska, 1377b) have proteases and mannanase
in their lytic systems and can effect total lysis of yeast cells; this

would be undesirable in mixed culture.
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IIT. MATERIALS AND METHODS

MICROORGANISMS

A1l microorganisms used in this study were obtained from the culture
collection of the Department of Food Science and Technology, University
of California, Davis (U.C.D.). They included six strains of Phaffia
rhodozyma (U.C.D. F.S.&T. Culture Collection Nos. 67-202, 67-203, 67-
210, 67-385, 67-484, 68-653C), Saccharomyces cerevisiae 71-141 (Guinness

Stout yeast), and Bacillus circulans WL-12.

The strains of Phaffia were obtained as stock cultures on slants
of malt extract agar. After a transfer to YM (Difco) agar slants, fol-
Towed by incubation for 48 hr at 20°C, they were stored at 4°C and sub-
cultured every two months. S. cerevisiae was obtained and maintained
on wort (brewer's wort) agar. B. circulans was received on slant con-
taining baker's yeast cell walls as the sole carbon source (Tanaka and
Phaff, 1965). It was then transferred to another slant containing 0.67%
yeast nitrogen base (YNB) (Difco), agar (Difco) 1.8% cell walls of

Phaffia rhodozyma 0.2%, and .05M potassium phosphate buffer, pH 6.5.

Freshly inoculated slants were incubated for 48 hr at 30°C, then kept

at 4°C and maintained in the same medium by bi-monthly transfers,

GROWTH CONDITIONS

All fermentations were carried out in batch cultures. Routine mixed
cultures were grown in 500 ml baffled side-arm flasks (Bellco Glass Inc.,
Vineland, N.J.) containing 120 ml of medium and shaken at 200 rpm (Orbi-

tal shaker, New Brunswick Scientific, Edison, N.J.) at 20°C for 72-100



hr. The medium was defined and contained 0.7% YNB, 1.5% glucose and
phosphate or phthalate buffers at various concentrations and pH; glucose
and the buffered basal salts solutions were always sterilized separately
at 121°C for 15 mins. The same defined medium was used when cell crops

of strains of Phaffia rhodozyma were grown in pure cultures for use in

various experiments. When the yeast was grown in alfalfa residual juice
(ARJ), the concentrated juice was diluted ten-fold (to contain approxi-
mately 2% sugar) in .02M phthalate buffer, pH 5.6. Brewer's malt wort

was diluted (with distilled water) to 2% sugar (measured as soluble solids
with a refractometer). When molasses was used as the growth substrate,

it was diluted twenty-fold. The dilution was determined to contain
approximately 5.5% soluble solids, and preliminary tests showed that

lower yields of cell mass and astaxanthin were obtained at higher and
lower dilutions. Nutrients added to the juice or to the molasses were
autoclaved separately.

Fermentor mixed culture experiments were conducted in 5-1iter ves-
sels with 3-1iter working volumes of medium. Sterile air was supplied
at the rate of 19L/min and agitation was at 600 rpm. Temperature was
maintained at 20°C. The medium was essentially a modification of that
of Johnson and Lewis (1979), and contained in 3 Titer, 1.5% cerelose
(CPC International, Englewood Cliffs, N.J., U.S.A.) (autoclaved separ-
ately}, and 0.IM potassium phosphate buffered solution of (NH4)2504,

PO

2.0%; KH 1.0%; Mg504-?H20, 0.5%; CaC12-2H20, 0.1%, yeast extract

2 4
(Difco) 0.2%, at pH 7.0. In both shake-flask and fermentor experiments,
a 10¢4 (v/v) solution of sterile antifoam (FG-10, Dow Corning) was added
intermittently to control foaming.

Inocula for the shake-flask mixed cultures or for pure cultures
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of Phaffia rhodozyma used in allied experiments, were routinely prepared

by aseptically transferring stock cultures of the yeast and of Bacillus
circulans WL-12 into individual 250 ml Erlenmeyer flasks containing 50

ml of sterile medium and incubating at 20°C (the yeast) and at 30°C (the
bacillus) for 20 hr. The media contained 0.7% YNB, 1.5% glucose and

0.5% phytone (BBL, Maryland, U.S.A.), in .05M potassium phosphate buffer,
pH 6.5. A semi-defined medium consisting of 0.5% KH2P04. ¢.02% MgSU4°
?HZO, 0.5% yeast extract, 0.5% peptone and 0.5% glucose in .02M phthalate
buffer, pH 5.6, was used for growing the yeast inoculum for the experi-
ments with the ARJ, and incubation was for 28 hr.

Cells were collected aseptically by centrifugation at 800 rpm for
10 min (Servall automatic refrigerated centrifuge) and washed twice with
sterile distilled water. Those grown for the mixed culture and allied
experiments were resuspended to turbidities of 170 klett units (yeast)
and 150 (Bacillus), using a Klett-Summerson photoelectric colorimeter
(model 800-3, Klett-manufacturing Co., N.Y., U.S.A.), equipped with a
red filter; the suspensions contain approximately 1.5 mg/ml of both or-
ganisms on a dry weight basis. Yeast cells grown for the ARJ experiments
were resuspended to a turbidity of 300 klett units. 2 ml of each sus~
pension was used as inoculum for appropriate experiments in shake
flasks.

In fermentor experiments, inocula were prepared by aseptically trans-
ferring 10 ml portions of the uncentrifuged inoculum cultures described
above, to secondary inoculum flasks where the organisms were grown again
as pure cultures for 20 hr. The secondary flasks were identical to the
mixed culture shake-flasks, and contained 120 ml volumes .05M phosphate

buffered YNB (0.7%), 1.5% glucose, and 0.5% phytone, at pH 6.5; i.e.
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the secondary inoculum medium had the same composition as that of the
primary inoculum. Cells from the secondary flasks were centrifuged,
washed with sterile distilled water, and the organisms resuspended
separately to a turbidity of 600 klett units. 25 ml of the yeast sus-
pension and variable volumes of that of the bacillus, were used as the

final inocula for the fermentor mixed culture fermentations.

PREPARATION OF CELL WALLS OF PHAFFIA RHODOZYMA

Yeast mass used as a source of cell walls, was grown for 40 hr at
20°C in the 5 liter fermentor (working volume 3 liter). The medium con-
tained in gram per liter: glucose, 10 g; peptone (Difco) 5 g; yeast
extract, 3 g; and malt extract (Difco) 3 g. pH was adjusted to 5.8 with
2NHC1 prior to autoclaving. Inoculum was developed in the same medium
through the three step procedure described for the mixed culture except
that entire contents of the secondary inoculum flask was emptied into
the fermentor as the final inoculum. Temperature of the culture was
maintained at 20°C, aeration (with sterile air) was at the rate of 191/
min, and agitation was at 600 rpm, i.e. the conditions employed were sim-
ilar to those described previously for the fermentor mixed culture.

Yeast cell mass harvested from the fermentor was washed twice with
chilled distilied water. The method employed in preparation of cell
walls was a modification of that of Melvin (1975). The washed cells
were resuspended in chilled .1M Tris buffer, pH 8.5 to create a thick
sTurry and inactivate endogenous autolytic enzymes possibly present.

The slurries were mixed with equal volumes of glass beads (0.45-0.50

mm) in special bottles designed for the chamber of Braun mechanical
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cell homogenizer (Bronwill Scientific Inc., Rochester, N.Y.); a head-
space of approximately one-quarter of total volume was left in each bot-
tle. Cell disruption was accomplished by vibrating the bottles in the
homogenizer. In the process, temperature was maintained just above
freezing by delivering suitable amounts of Tiquid carbon dioxide into

the instrument chamber. Usually 70-85% cell breakage (determined by
light microscopy) was achieved in 3.5 min disruption period. The homo-
genates (from all the bottles used) were pooled, decanted from the beads
which readily settled in a glass beaker, and centrifuged at 800 rpm for
20 min at 4°C. After washing in the same buffer (0.1 Tris, pH 8.5) twice
to remove pigments, the washed cells and walls were subjected to a second
disruption treatment in the homogenizer for another 1.5 min. This pro-
cess produced a final 90-95% cell breakage. The walls were then washed
four times with the buffer and four times with chilled distilled water.
Cell wall suspensions were finally poured into plastic petri dishes (85

mm diameter), lyophilized and stored at 0°C.

DETERMINATION OF YEAST CELL WALL LYTIC ACTIVITY

OF SAMPLES OF MIXED CULTURE FILTRATES

Qualitative and quantitative assays were employed. The qualitative
assay was a modification of the agar cup plate method of Tanaka and Phaff

(1965). Lyophilized cell walls of Phaffia rhodozyma (0.1%) and purified

agar (Difco) 0.85%, were evenly suspended in 0.1M potassium phosphate
buffer, pH 6.5 and dispensed into large test tubes in 20 ml amounts.
After autoclaving for 6 min to melt the agar and inactivate endogenous

glucanases, the contents of each tube was poured into a plastic



petri dish (85 mm diameter) and allowed to set. The dishes were kept
at 4°C and used within three weeks. In the assay, wells (6 mm diameter)
were made in the agar with a no. 2 cork borer. 0.05 ml amounts of enzyme
solutions or culture filtrates were added to the wells and the plates
were incubated at 30°C. After 24 hr, zones of clearing around the wells
were taken to indicate presence of lytic enzyme activity in the culture
filtrates.

Quantitative determination of lytic activity was based on reduction

in turbidity of suspensions of autoclaved Phaffia rhodozyma cell walls.

The reaction mixture contained 2 ml of culture filtrate (or suitable
dilution in 0.05M phosphate buffer, pH 6.5), and 0.5 ml of a suspension
containing the yeast cell walls (3 mg/ml) and sodium azide (0.04%) in
0.05M phosphate buffer, pH 6.5. The mixture was incubated at 30°C with
mild rotation on a roller drum. Absorbance of the reaction mixture was
followed at intervals of up to 100 hr, at 600 nm in a Spectronic 20
(Bausch and Lomb) colorimeter. For each assay, a control tube also con-
tained the same mixture with 0.5 ml distilled water substituted for the
cell wall suspension. Percent decrease in turbidity was calculated by
using the following equation which was adapted from Tabata and Terui
(1962):

Abso - Abs,

% decrease = —AT

x 100

where Abs0 denotes the initial absorbance of the reaction

mixture, and Abst the value at time t.
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Fig. 1 shows the reduction in absorbance of the reaction mixture
as a function of enzyme concentration (dilution of culture filtrate)
and incubation time. In general, the reduction rate is linear for 20-
60 min depending on the enzyme concentration. tytic activity {expressed
as lytic units per ml of culture filtrate) was determined at 60 min.
Amount of enzyme which caused a 50% reduction in turbidity of the mix-
ture was assigned 20 lytic units. As percent decrease in turbidity was
directly proportional to enzyme concentration within an approximate range
of 0-22% (Fig. 2) enzyme solutions showing high lytic activities were
suitably diluted with 0.05M potassium phosphate buffer, pH 6.5 prior

to quantitation of Jytic activities.



Fig.

i

Reduction in turbidity of Phaffia rhodozyma cell wall
suspensions caused by various dilutions of lytic enzyme
(culture fluid) produced in mixed culture buffered by
0.1M potassium phosphate pH 7.0.

0.05M phosphate buffer pH 6.5 was used as diluent.
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Fig. 2.

Relation between dilution of lytic enzyme and per cent
decrease in turbidity of suspensions of Phaffia rhodozyma
cell walls.
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QUANTITATIVE ANALYSES

I. pH
A1l measurements were performed using a pH meter (Orion Research,

model 601A digital ionalyzer).

2. Cell growth

This was measured in terms of biomass production, and as viable
counts of the microorganisms. In determination of biomass, culture
samples, taken at suitable times, were centrifuged and washed twice with
cold distilled water. Then they were suspended in sufficient water to
transfer to pre-dried, cooled and tared aluminum pans, and dried in a
vacuum oven at 70°C for 18 hr. Biomass was expressed as cell dry weight

(mg/ml1). In the determinations, any cells of Bacillus circulans which

did not sediment when mixed culture samples were centrifuged, were ig-
nored in calculations of cell dry weight.

In viable count determinations, serial dilutions of samples were
made in sterile distilled water, and suitable aliquots spread in dupli-

cate nutrient agar (Difco) (for Bacillus circulans) and potato dextrose

agar (Difco) (for Phaffia rhodozyma) plates. The plates were incubated

at 30°C and 20°C respectively. Colonies were counted after 30 hr and
60 hr incubations respectively, and viable counts computed as colony-

forming units per ml {(cfu/ml) of sample.

3. Residual glucose

This was determined as reducing sugar by the Nelson-Somogyi method

described by Whistler and Wolfrom (1962).



4. Extraction and estimation of astaxanthin.

Astaxanthin content of cell pellets was determined as 'free' and
as 'total' astaxanthin. If both assays were necessary for any sample,
the 'free' astaxanthin was determined first by direct treatment of cen-
trifuged cell mass with a suitable volume of acetone. The amount of
freely extractable pigment was taken as a relative measure of the inte-
grity of yeast cell wall at the time of assay, and was used to regulate
both heating time and temperature in the 'total' astaxanthin assay.
Method employed for the 'total' assay was a modification of that of
Nakayama et al. (1953). Cell mass was treated with 2N HC1 and subjected
to a mild heat treatment which ranged from 80°C to boiling in a water
bath for 1-2 min, followed by rapid cooling, then acetone extraction.
Heating time and temperature were requlated to a minimum to avoid heat
destruction of carotenoids (Mrak et al., 1949). Concentrations of
astaxanthin in acetone extracts were estimated by measuring the absor-
bances at Amax = 478 nm with a Beckman DB Spectrophotometer. The spe-

cific absorption coefficient A;” = 1600 (Andrewes et al., 1976) and
Cm

the formula provided by Davies (1976) were used in calculations of asta-
xanthin concentrations. When desired, percent extractability of asta-

xanthin was calculated for any sample by employing the formula:

freely extractable astaxanthin (pg/ml) x 1004
total astaxanthin (ug/ml)

% extractability =

ELECTRON MICROSCOPY

Samples to be examined by transmission electron microscopy (TEM)

were processed as follows:
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Pelleted washed cells were fixed in cold 2% glutaraldehyde in 0.1M
phosphate buffer, pH 7.2 for 10 hr (Hector, 1980). After a rinse with
the buffer, a portion of the sample was withdrawn, and treated for 1-

2 hr at room temperature with a solution containing equal amounts of
fresh 6% glutaraldehyde, 0.2M cacodylate buffer pH 7.3, and a stock solu-
tion of ruthenium red prepared according to the procedure of Luft (1971).
This was followed by three rinses in cacodylate buffer. Samples treated
with and without ruthenium red were post-fixed in cold 1% 0504 according
to Kellenberger's method described by Audrey (1961). After a rinse with
buffer, and then water, the fixed materials were dehydrated in a graded
series of ethanol solutions and embedded in Epon-Araldite resin. Thin
sections were cut on an LKB ultratome IV microtome, mounted on 300 mesh
grids, and post-stained with uranyl acetate and lead citrate. Micro-

scopy was carried out with a Zeiss 109 transmission electron microscope.

Chemicals.

A1l chemicals were, where possible, of analytical grade. D-glucose,
solvents (acetone and toluene), calcium carbonate, magnesium sulfate,
sodium chloride and citrate, potassium, phosphate salts and potassium
hydrogen phthalate, urea, ammonium sulfate and ammonium chloride were
obtained from Mallinkrodt, St. Louis, MO., U.S.A.; sucrose, D-mannitol,
cellobiose, D-xylose, xylan (from larchwood), oleic and linoleic acids,
ergosterol and cholesterol, inositol, dithiothreitol, methyl green and
trisma base were from Sigma; maltose, L-arabinose and g-ionone were from
ICN Pharmaceuticals; soluble starch and ammonium phosphate from J.T,
Baker Chemical Co., calcium pantothenate from Nutritional Biochemicals,

and fructose from Fisher Scientific Co., N.J., U.S.A. Other miscellaneous



chemicals, stains or dyes were obtained from the Dept. of Food Science

and Technology or the Electron Microscope Facility at U.C. Davis.
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IV. RESULTS

INHIBITION OF BACILLUS CIRCULANS WL-172 BY

PHAFFIA RHODOZYMA IN MIXED CULTURE

In preliminary studies, the primary objective was to assess the

ability of Phaffia rhodozyma and Bacillus circulans WL-12 to grow com-

patibly and synthesize their respective products, namely, astaxanthin
and yeast cell wall Tytic enzyme complex. An initial pH of 6.1 was cho-
sen as a compromise between the requirement for optimum growth and pig-
mentation of the yeast (= 5.0; Johnson and Lewis, 1969), and that for
the bacterial growth and lytic activity (= 6.5; Tanaka and Phaff, 1965).
Growth medium was buffered by potassium phosphate (0.05M). For compari-

son, the organisms were also grown in pure cultures under identical con-

ditions. Results presented in Fig. 3a show that Phaffia rhodozyma exhi-
bited identical patterns of growth in the pure and mixed culture systems.
Its logarithmic growth began immediately, and maximal population was
achieved in approximatety 36 hr and remained fairly stable up to 50 hr.
Satisfactory pigmentation was also achieved; average total yields of
astaxanthin at 48 hr were 1.30 ug/ml in mixed culture, and 1.40 pg/ml

in pure culture. Bacillus circulans also grew luxuriantly in pure cul-

ture. After an initial Tag of approximately 10-12 hr, its growth rate
was comparable to that of the yeast. Its maximum population which was
attained at about the same time as that of the yeast (i.e. at 36 hr)
was greater, and declined rather rapidly. In contrast, the bacillus
was grossly inhibited in mixed culture, even though its initial popu-
lation (6.8 x 105 plotted as log cfu/ml = 5.83) was about four times

that of Phaffia rhodozyma (1.6 x 10° plotted as log cfu/ml = 5.20).




Fig. 3a. Inhibition of growth of Bacillus circulans WL-12 by Phaffia
rhodozyma in mixed culture,

Symbols: o B. circulans WL-12: pure culture

e B. circulans WL-12: mixed culture
A P. rhodozyma: pure culture
A P. rhodozyma: mixed culture

Medium was buffered by 0.05M potassium phosphate at pH ~ 6.1.

X indicates that actual viable count at that point was below
log 2.
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Little grﬁwth of the bacillus ocﬁufred from 6-8 hr, but by 24 hr, the
initial population of approximately 6.8 x 105 had declined to below 1.0
X 102. At 50 hr, neither lytic activity nor freely-extractable asta-
xanthin was detected in the mixed culture.

Changes in pH of culture media, were also monitored during growth
of the organisms. The data presented in Fig. 3b show that growth of

- Bacillus circulans WL-12 in pure culture caused a relatively gradual

decline in pH. In contrast, there was a more rapid drop as well as a
lower final pH in the mixed culture; its resemblance with that of the

pure culture of Phaffia rhodozyma suggested that increased acidity of

the medium caused hy the metabolic activities of the yeast was probably

the major factor that was detrimental to bacterial viability in the

mixed culture.

EFFECTS OF pH CONTROL ON VIABILITY OF

BACILLUS CIRCULANS WL-12 IN THE MIXED CULTURE

Initial studies in this work showed that populations of Baci11usf
circulans WL-12 could retain appreciable viability at pH 5.5. The work
of Johnson et al. (1978), also showed that this level of pH was satis-
factory for action of the lytic enzyme complex of the bacillus on Phaffia
rhodozyma cell walls. Therefore, it was considered desirable {o main-
tain minimum pH at approximately 5.5 in subsequent mixed culture fer-
mentations, by application of suitable methods of pH control.

Substitution of phthalate buffer {0.05M) for phosphate, retarded
the rate of pH decline; however, bacterial viability and lytic activity

were again impaired. pH was approximately 5.5 from 17-19 hr and dropped



Fig. 3b.

Changes in pH of the medium during growth of pure and

mixed cultures of Bacillus circulans WL-12 and Phaffia

rhodozyma .
Symbols: o Pure culture of B. circulans WL-12

A Pure culture of Phaffia rhodozyma

o Mixed culture
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to around 4.70-4.80 from 35-50 hr (Fig. 4B). Attempts were made to con-
trol medium pH by periodic additions (manually) of suitable volumes of
sterile 2.5N NaOH. This procedure appeared to improve viability of the
bacillus; average colony-forming units (cfu) of up to 1.4 x 105 per ml
were detected in the cultures after 50 hr (Fig. 4A & B) (as opposed to

1 cfu/ml in uncontrolled flasks). In addition, superna-

below 1.0 x 10
tants of culture samples showed detectable lytic activity (qualitative
assay). Unfortunately, there was no detectable evidence of modification

of Phaffia rhodozyma cell walls; astaxanthin was not extractable by

direct treatment of cell pellet with acetone. This was attributed to
low efficiency and variability of the manual method of pH control; in
eight separate 50 hr experiements, minimum pH which could be maintained
in the mixed cultures ranged from 5.01-5.62.

In general, the results indicate that control of the pH of the mixed
culture is critical for bacterial survival and for its hydrolytic activity

on the cell walls of Phaffia rhodozyma. The importance of using a reli-

able method of pH control was emphasized.

EXTRACTABILITY OF ASTAXANTHIN FROM pH-CONTROLLED

MIXED CULTURE AFTER A HOLDING PERIOD

Prospects for successful application of the mixed culture to enzy-

matic modification of the cell walls of Phaffia rhodozyma was enhanced

when it was observed that pigment was freely extractable from contents
of some flasks which had been abandoned on laboratory bench (approxi-

23-25°C) for some days after previous fer-

n

mately room temperature,

mentation failures. Since the flasks had been subjected to periodic

61



Fig. 4.

Growth of Bacillus circulans WL-12 and changes in pH in
mixed culture with Phaffia rhodozyma, with and without
extrinsic pH control.

A. Culture with pH control: inverted arrows indicate
points of addition of 2.5N NaOH.

B. Culture without pH control: X indicates that viable
counts after 30 hr were lower than log 4.

Media for A and B were buffered with 0.05M phthalate
buffer pH 6.1.

Symbols: o pH

¢ viable counts of B. circulans WL-12

b2
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pH adjustments, it appeared that a 'holding' period was required after
culture growth. It was further observed that the holding period before
astaxanthin became extractable varied (5-9 days) among the flasks; this
was probably due to the different degrees of efficiency achieved in man-
ual pH adjustments. In a separate experiment in which equal volume of
mixed culture contents were held at 30°C and 20°C, extractability of
pigment was detected in the flasks after 5 and 9 days respectively. This
showed that the 'holding' temperature was probably important and pro-
vided further evidence of an enzymatic basis for the yeast cell wall
modification process.

In order to clarify these observations, a comprehensive exploratory
experiment was carried out to determine the overall effects of various
treatments on extractability of astaxanthin from mixed culture of Bacil-

lus circulans and Phaffia rhodozyma. The results presented in table 1

clearly show that the yeast cell wall modification depended on lytic
activity of the medium; the activity was apparently enhanced by the final
pH adjustment (to = 6.9) and the higher (30°C) holding temperature. In
a subsequent study (Fig. 5), it became clear that there was a resurgence
of bacterial growth and considerable increase in lytic activity during
the holding period.

In another experiment, a mixed culture which had undergone no inter-
mittent pH adjustments, was finally brought to 6.9 at 42 hr and incubated

at 30°C. Levels of Bacillus circulans WL-12 (up to 1.2 x 108 cfu/ml)

and lytic activity (= 214 u/ml) and extractability of astaxanthin were
later achieved. It appeared that very low levels of the bacillus could

survive the low pH established by Phaffia rhodozyma and thence re-ini-

tiate growth when exposed to relatively good environmental conditions.
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Fig. 5.

Growth of Bacillus circulans WL-12 -o~ and development of
lytic activity -A- in mixed culture after final pH adjust-

ment to 6.9 and incubation at 30°C.

Arrow indicates time of final pH adjustment.
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The procedure in which pH was adjusted only once appeared to be easy.
However, since the results reported above were observed after 80-84 hr
following pH adjustment, as opposed to comparable events at 40-48 hr
under conditions of intermittent pH control (Fig. 5), the latter approach

was adopted in subsequent experiments.

INFLUENCE OF AGITATION ON EXTRACTABILITY OF ASTAXANTHIN

It was desirable to determine the effect of agitation on yeast cell
wall modification during the holding period. Contents of two mixed cul-
ture flasks (which had received pH adjustments as in Fig. 4), were pooled,
brought to pH 6.9 at 42 hr and divided among four similar flasks. Al
were incubated at 30°C; three parts shaken at 200, 100 and 50 rpm while
the fourth was kept stationary. They were assayed for extractability
of astaxanthin after two days. Fig. 6 shows that agitation accelerated
the rate of yeast cell wall hydrolysis, pH was found to increase in all
the flasks during the period of yeast cell wall modification, and was
especially remarkable in the shaken flasks. For example, final pH in
shaken flasks ranged from 7.25-8.01, while that of the unagitated sam-
ple was = 7.1.

The observed rise in pH may be due to Teakage of nitrogenous sub-

stances from the yeast, Phaffia rhodozyma; Lewis and Phaff (1963) have

shown that agitation enhanced the leakage in brewer's yeast. It is also

possible that growth and metabolic products of Bacillus circulans con-

tributed to the rise in pH; Tanaka and Phaff (1965) reported that growth
and production of g-1,3 glucanase by the bacillus, was promoted by

agitation.



Fig. 6.

Effect of agitation on efficiency of yeast cell wall
digestion, measured by extractability of astaxanthin,.

Contents of mixed culture flasks which received inter-
mittent pH adiustments during growth were pooled at 42 hr
and brought to pH €.9. The pool was shared among four
simitar flasks, and shaken as indicated or left static

at 30°C for two days.

amount of extractable
% extraction _ astaxanthin (ug/ml) after 2 days x 100
of astaxanthin amount of total 1
astaxanthin {ug/ml) at zero time
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EFFECT OF pH AND HOLDING TIME ON EXTRACTABILITY CF ASTAXANTHIN

Up till now, yeast cell wall modification has depended on a revi-
val of bacterial growth during the holding period of the mixed culture.
It was essentia)l to determine the optimum or suitabie range of pH that
would yield the desired outcome. Mixed cultures were pocled and divi-
ded into aliquots which were adjusted to pH values ranging from 6.2 to
7.5. Total astaxanthin (pg/ml) was determined for each aliguot and the
value was used thoughout in computing percent extraction of astaxanthin.
A1l the aliquots were incubated at 30°C with shaking at 200 rpm, and
extractability of pigment was followed as a function of time. Fig. 7
shows that digestion of the yeast cell walls proceeded most rapidly at
pH 7.5. However, efficiencies achieved after two days were maximal and
fairly comparable for all the pH values tested. The observed decline
in efficiency of extraction after two days is probably due to autolysis
of the yeast; pH 7.5 also appeared to promote the most rapid autolysis.
The optimum pH range for holding the mixed culture appears to be 6.2-
6.8 because it is the range at which autolysis proceeds for minimum rate
for at least up to three days. In general, Fig. 7 suggests that the
cell mass be harvested as soon as over 90% extraction is achieved, to

avoid losses due to autolysis.

EFFECT OF HOLDING TEMPERATURE AND TIME ON

EXTRACTABILITY OF ASTAXANTHIN

The course of digestion of Phaffia rhodozyma cell walls was also

examined in mixed cultuyres held at various temperatures after growth

in order to determine the most suitable range or optimum. Data presented

71



Fig. 7.

72

Effect of pH adjustment and holding time after growth of
the mixed culture on extractability of astaxanthin from
Phaffia rhodozyma.

Mixed cultures, grown in different flasks with intermittent
pH adjustments as in Fig. 4, were pooled at 42 hr, and divided
into aliquots which were finally adjusted to pH values ranging
from 6.2 to 7.5. They were incubated at 30°C with shaking
at 200 rpm and extractability of astaxanthin monitored.
Symbols: o pH 6.2

o pH 6.5

« pH 6.8

e pH 7.0

A pH 7.5

% Extraction was computed as in Fig. 6.
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in Fig. 8 show that 30°C and 37°C were very favorable to yeast cell wall
digestion: maximum extractability of astaxanthin was achieved in 40-

60 hr in cultures held at the two temperatures. Autolysis appeared to
proceed more rapidly at 37°C. Cultures incubated at 20°C and 24°C
showed some extractability of astaxanthin only after 40-46 hr lag. Max-
imum cell wall modification was not achieved even at 144 hr. As expec-

ted, even at the same time interval, a pure culture of Phaffia rhodozyma

treated and held at 30°C, had no detectable evidence of cell wall
modification.

Phase contrast microscopic observations were carried out at inter-
vals on the pure culture as well as on the mixtures held at 30°C and
37°C. A1l cultures were identical at 12 hr, regardless of the holding
temperature, and showed normal budding cells with extensive surface gran-
ulation. The pure culture remained the same even at 48 hr when obser-
vations were discontinued. In contrast, the mixed cultures held at 30°C
and 37°C, showed abundant bacterial growth (at 40 hr) with considerable
degranulation and transparency at the surfaces of yeast cells; all the
cells however retained normal shapes. By 48 hr, refractile bacterial
spores were abundant while observable numbers of yeast cells appeared

to be reduced, apparently due to autolysis.

SUMMARY AND SOME CONCLUSIONS

In the foregoing section of this thesis, it has been shown that

the red yeast Phaffia rhodozyma inhibited Bacillus circulans WL-12 in

mixed culture, in a medium in which their pure cultures grew satisfac-

torily. The inhibition has been attributed primarily to low pH caused
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Fig. 8.
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Effect of holding temperature and time on extractability of
astaxanthin from Phaffia rhodozyma after final pK adJust-
ment to 6.5 of the mixed culture,

Shake-flask mixed cultures and a pure culture of P. rhodo-
Zyma, were grown as usual, at 20°C with intermittent pH
adjustments. At 42 hr, the mixed cultures were pacled and

the pool was brought to pH 6.5, as was the pure culture. The
pool was divided into aliquots which were then held at dif-
ferent temperatures with shaking at 200 rpm. The pure culture
was similarly held at 30°C. Extractability of astaxanthin

was assayed in all flasks as a function of time.

Symbols: o Mixed culture 20°C
s Mixed culture 24°C
o Mixed culture 30°C
m  Mixed culture 37°C

P. rhodozyma pure culture 30°C (control)

-
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by metabolism of the yeast under the relatively low initial pH and low
buffer concentration employed. It suppresses lytic activity of the
bacillus and consequently digestion of the yeast cell walls, and prevents
extractability of astaxanthin. Control of medium pH during growth of
the mixed culture minimizes the inhibition. Up to this point, manual
pH control has been utilized to achieve extractability of astaxanthin,
but it is tedious and laborious and renders the culture susceptible to
contamination. Moreover, its relative inefficiency necessitates a
holding period after yeast growth, and upward temperature and pH shifts
are essential to optimize further growth of and lytic enzyme production
by the bacillus. In so far as extractability of astaxanthin was
achieved, the mixed culture holds considerable commercial promise
because modern fermentation equipment utilizes automatic pH control
systems.

Since this study is primarily interested in developing a system

that would guarantee optimum growth of Bacillus circulans WL-12 and

Phaffia rhodozyma, some attempts would be made to achieve pH control

intrinsically by using a suitable buffer concentration and initial pH.

DEVELOPMENT OF A MIXED CULTURE OF BACILLUS CIRCULANS
WL-12 AND PHAFFIA RHODOZYMA

Selection of a suitable concentration and pH of buffer.

Mixed cultures were grown for 100 hr, in media buffered with phtha-
late or phosphate at different molar concentrations and pH. In some
cases, the buffers were supplemented with varying amounts of CaCO3

(as a pH regulator). Suitability of each buffer system to sustain
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viability of Bacillus circulans WL-12 in presence of Phaffia rhodozyma

was determined from two criteria: presence of detectable cell wall ly-
tic activity in culture supernatants, and a final medium pH above 6.0.
Results of this screening test are presented in Table 2. Four of the
buffer systems tested appeared suitable for the mixed culture. The best
two are considered to be those which maintained final pH 6.64 and 6.66;
these values are closest to 6.5 which has been found to be optimal for

growth and lytic activity of Bacillus circulans WL-12 (Tanaka and Phaff,

1965; Johnson et al., 1978). However, 0.1M phosphate buffer pH 7.0 was
chosen for subsequent studies because presence of CaCO3 crystals in the
other system complicated measurements of cell dry weight.

0f all the buffers tested in this survey, 0.05M phosphate buffer
pH 6.5 was least suitable. However, when it was compared with 0.1M
phosphate pH 7.0 (Table 3), the former appeared to promote, initially,
more rapid growth and development of lytic activity, than the latter.
This observation is important for two reasons: (1) It suggests that

if a mixed culture of Bacillus circulans and Phaffia rhodozyma were to

be subjected to intermittent pH control as was done in the first section
of this study, an initial pH of 6.5 could be more appropriate than pH
6.0. (2) It shows that Bacillus circulans WL-12 is probably able to

synthesize low levels of the lytic enzyme constitutively; thus low pH
in the mixed culture inhibits subsequent bacterial growth and inactivates

pre-formed enzymes.

Growth of Bacillus circulans WL-12 and Phaffia rhodozyma

in mixed culture.

In medium containing the chosen buffer (i.e. 0.1M phosphate pH 7.0),
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both organisms begin Togarithmic growth immediately after inoculation
(Fig. 9A). The yeast apparently grew more rapidly, and reached sta-
tionary phase at approximately 20 hr, while the bacillus required some-
what Tonger time. 1In general, termination of growth of both organisms
coincided with very low residual levels of glucose and pH approximately
6.4 in the medium. Synthesis of astaxanthin occurred mainly during the
late Togarithmic and early stationary phases of the growth of Phaffia
rhodozyma ; maximum level was reached about 50-52 hr of the fermentation
and remained fairly stable for up to 72 hr.

very low level of lytic activity (less than 5 units/ml) was detec-

table in culture fluid during active growth of Bacillus circulans (Fig.

98). In contrast, high levels were produced during the stationary phase
and approached 110 1lytic units/ml by 75 hr. Period of maximum lytic
enzyme secretion appeared to coincide with exhaustion of glucose and

a slight increase in pH of the culture (Fig. 9A & B). Digestion of the
yeast cell walls (indicated by extractability of astaxanthin), was asso-
ciated with production of the lytic enzyme complex; however, less than
30% of total yield of astaxanthin synthesized by 48 hr was extractable.
Considerable cell wall modification appeared to have occurred after this
time (48 hr) and was virtually complete by 60-65 hr, of the mixed cul-

ture fermentation. It was interesting that Phaffia rhodozyma maintained

a high level of viability when its pigments were nearly 100% extractable

(Table 3a).
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Fig. 9A.

Growth of Bacillus circulans WL-12 and Phaffia rhodozyma

in mixed culture. Medium was buffered by 0.1M phosphate
buffer pH 7.0.

Symbols: & P. rhodozyma

o Total astaxanthin

=]

B. circulans WL-12
X Residual glucose

A PpH
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Fig. 9B.

Development of lytic activity and extractability of asta-
xanthin in a mixed culture of B. circulans WL-12 and

P. rhodozyma. Data plotted were from the same culture

as Fig. 9A.
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Table 3a. Viability of Phaffia rhodozyma and extractability of
astaxanthin in mixed culture with Bacillus circulans WL-12.

Viable count % Extractability
Time (bhr) log cfu/mi of astaxanthin
60 7.3 96

75 7.2 98
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INFLUENCE OF ENVIRONMENTAL CONDITIONS ON EFFICIENCY OF

YEAST CELL WALL MODIFICATION IN THE MIXED CULTURE

Effect of initial pH.

Using the same molar concentration of buffer (0.1M), the initial
pH of the mixed culture was varied from 6.0 to 7.8. The results are
presented in Fig. 10. The range of pH examined, has negligible effect
on yield of astaxanthin. However, because initial pH had great influ-
ence on the final pH (Table 4), there were some effects on viability

of Bacillus circulans and activities of the lytic system. Optimum lytic

activity and extractability of astaxanthin were observed in the pH range
6.8-7.4. At this range, obvious differences in final pH and viable
counts of the bacillus (Table 4) had no effect on the outcome of the
mixed culture fermentation. Below this range, bacterial viability and
lytic activity were retarded. When the initial pH was 6.5, extractabil-
ity of astaxanthin was low (45.9%), but it was considerably improved

to 92.5% by incubation to 100 hr (not shown in Table 4). Above 6.8-
7.4, bacterial viability appears to be favored, but there was low effi-
ciency in cell wall modification, probably because of low lytic enzyme

production.

Effect of temperature.

Table 5 shows that only a relatively narrow range of temperature
(20-27°C) can support good yield and extractability of astaxanthin in
mixed culture at an initial pH of 7.0. The optimal range appears to
be 20-24°C. At the lowest temperature tested (15°C) there is good growth

of Phaffia rhodozyma, but its cell wall digestion is hampered by




Fig.

10.

Influence of initial pH of the mixed culture on lytic activity
and on total and extractable astaxanthin.

Concentration of phosphate buffer in all cases was 0.1M.

Fermentation period was 75 hr.
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repressed growth of Bacillus circulans, and by lTow lytic activity. An

interesting observation is that at least within the range 15-27°C, the
two organisms appear to be affected by temperature in fairly opposite
fashion. No growth of Phaffia was observed at 30°C. In contrast, there
was abundant growth of the bacillus; the relatively low viable count
probably indicates that it had entered the declining or death phase at
the time of assay. Growth of the bacillus at 30°C caused a very drastic
fall in pH of the medium; the low pH and relative absence of yeast pro-

bably caused the Tow lytic activity observed at 30°C.

Effect of initial concentrations of glucose on Bacillus circulans

WL-12 and Phaffia rhodozyma in mixed culture.

Fig. 11 shows the effects on the mixed culture, of using various
concentrations of glucose in growth medium. Yields of cell mass (mg/ml)

(primarily Phaffia rhodozyma) as well as astaxanthin (ug/ml), rose

steadily as glucose concentration increased; the most notable rise oc-
curred between 2 and 3% glucose. There were slight increases in lytic
activity and in extractability of astaxanthin at 1.5% glucose level;
thereafter, they decreased, but remained relatively high at 2% glucose.
Above this level of sugar, the levels of lytic activity and extracta-
bility of astaxanthin decreased fairly rapidly. The period of maximum
rate of decline appears to coincide with that of optimum rise in cell
mass and total astaxanthin. In general, 1-2% glucose appears to be cri-
tical for good yields of astaxanthin and yeast cell wall modification

in the mixed culture of Bacillus circulans WL-12 and Phaffia rhodozyma.

Final pH decreased with increasing initial glucose concentrations

and was remarkably low (about 5.42) at 5% initial glucose concentration



Fig. 11.

Effect of various concentrations of glucose on growth of

B. circulans WL-12 and P. rhodozyma in mixed culture.
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(Fig. 11). At that level, only approximately 3/4 of the glucose was
utilized during the 75 hr fermentation period. Addition of 0.12% CaCO3
partly reduced the acidity of the medium (not shown), but neither lytic

activity nor extractability of astaxanthin was improved.

Effect of slow-feeding of glucose.

In earlier parts of this study, it was observed that high levels
of lytic activity were produced only when glucose concentrations in the
growth media declined to growth-limiting levels (see for example, Fig.
9A). This often occurred after 48 hr of growth of the mixed culture.
In order to minimize or control the repressive effect of glucose on ly-
tic enzyme formation, fed-batch mixed cultures were attempted. Each
was initiated on 84 ml of medium which contained YNB and phosphate buf-
fer in suitable concentrations to give 0.7% and 0.05M-0.10M respectively,
when 120 m1 of medium was reconstituted. Stock solutions of glucose
were made to give final concentrations of 1.6% glucose when used to re-
constitute the usual 120 ml of medium in each culture. The glucose sol-
utions were added to the cultures according to three schedules; on the
whole, each culture received a total of either 8 or 6 or 4 equally-spa-
ced additions of glucose during the first 42 hr of the fermentation.
Each addition of glucose contained 0.42 g or 0.32 g or 0.48 g in appro-
priate volume, depending on the schedule followed. For comparison, ano-
ther culture which contained 1.6% glucose (in single addition), was
included. The results of this fed-batch process are shown in Figs. 12
and 13. Generally, rate of astaxanthin formation was reduced by slow
feeding of glucose in the manner adopted in this work (Fig. 12). In

the first 48 hr, yield of astaxanthin appeared to be proportional to



Fig. 12.

Astaxanthin formation in a mixed culture fed-batch
fermentation. Total amount of glucose added in each
case was 1.92 g in 120 ml final volume of medium
(i.e. 1.6% glucose).

Symbols: e All the glucose was added once at the
beginning of the experiment.

4 0.48 g glucose added four times in appro-
priate volume of stock solution.

® 0.32 g glucose added six times in appro-
priate volume of stock solution.

® 0.24 g glucose added eight times in appro-
priate volume of stock solution.
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the amount of glucose added per feed; however, overall yields were com-
parable for all the feeding schedules tested. Lytic activity was sup-
pressed by the slow-feeding of glucose in the first 60 hr of the fer-
mentations irrespective of the schedule employed (Fig. 13). Thereaf-
ter, there was a relatively rapid development of enzyme activity; it
was most rapid when 0.32 g glucose was added with each feed. In cul-
tures which received 0.24 g and 0.48 g glucose per feed, overall pat-
terns and final lytic activities were similar. The culture in which
glucose concentration was not regulated, produced the least final ly-
tic activity within the period examined. The interval when most of the
detectable lytic activity developed (60-72 hr), did not coincide with
that of optimal extractability of astaxanthin (48-60 hr). In general,
slow-feeding of glucose improved final lytic enzyme production, but did

not accelerate lytic activity or yeast cell wall modification.

Effect of various carbon sources on growth of Bacillus circulans

WL-12 and Phaffia rhodozyma in mixed culture.

The ability of carbon sources other than glucose to serve as sub-
strates in the current mixed culture study, was investigated and the
results are presented in Table 6. For each carbon source, a pure cul-

ture of Phaffia rhodozyma was set up as a control. Of the monosaccha-

rides tested, glucose supported a higher yield of astaxanthin than fruc-

tose, even though lytic activity was more abundant in presence of the

latter. Of the disaccharides tested, sucrose and maltose, in that order,

promoted good yields of astaxanthin, lytic activity and extractability
of astaxanthin, while cellobiose was a poor carbon source. The pentose,

arabinose also appeared to be a satisfactory source of carbon for the

98



Fig. 13.

Lytic activity and extractability of astaxanthin in the
mixed culture fed-batch fermentation.

Data are from the same experiment as Fig. 12, and the
symbols are similar to those of Fig. 12.
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mixed culture fermentation, but xylose was not; indeed very little growth

of Phaffia rhodozyma occurred on xylose. Mannitol supported little

growth of the yeast, and very low lytic activity. The polymeric car-
bon sources, starch and xylan, were not suitable for yeast growth and
cell wall modification under the conditions of this study. In general,
sucrose, arabinose and maltose (in addition to glucose) were the best
of all the carbon sources tested, because they promoted a combination
of high lytic activity, and good yields of total and extractable

astaxanthin.

Effect of the inoculum size of Bacillus circulans WL-12.

Another attempt to accelerate modification of the cell walls of

Phaffia rhodozyma in mixed culture, was made by increasing levels of

the bacterial inoculum. As described in Materials and Methods, routine

mixed cultures usually employed Bacillus circulans WL-12 and Phaffia

rhodozyma, at an initial ratio of 1:1, on cell dry weight basis. In
order to vary the bacterial load, suitable volumes were employed to give
ratios of 0.5:1, 1:1, 2:1, and 4:1 in the same total volume (120 ml)

of medium. Fig. 14 shows that high bacterial inoculum size shortened

or eliminated the lag phase of growth. By 72 hr, the heaviest inoculum
had evidently completed the stationary phase and entered the death phase
of growth. There was also a quicker development of lytic activity at
the high inoculum level. By 48 hr, the lytic activity produced by the
4-fold bacterial size was fairly comparable to that of the usual 72-

75 hr mixed (1:1) culture. Extractability of astaxanthin was over 80%
while the values obtained at Tower inoculum sizes were less than 20%

(Fig. 15). Unfortunately, the lytic activity appears to accelerate

103



Fig. 14.

Effect of bacterial incculum size on growth and lytic
activity in mixed culture.

Figures indicate ratios of Bacillus circulans WL-12
(based on dry wtof inocula). Phaffia rhodozyma was kept
at 1.0 throughout.

viable counts of B. circulans WL-12 at

Closed symbols B
: different inoculum levels.

lytic activity of appropriate culture
filtrates.

Open symbols
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Fig. 15. Effect of bacterial inoculum size on extractability of
astaxanthin from the mixed culture.

Figures and corresponding symbols indicate relative inoculum
sizes of Bacillus circulans WL-12 as in Fig. 14,
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autolysis of Phaffia rhodozyma. This was obvious from the decline in

total yield of astaxanthin (Fig. 16), as well as in the recoverable cell
mass (Fig. 17). The higher the initial bacterial concentration, the
earlier the initiation of the autolytic phenomenon.

As a result of the yeast autolysis, culture medium becomes sli-
ghtly pigmented. This phenomenon was observed earlier in this study
(see Table 2). When cultures were centrifuged at high speeds (12000
rpm for 1 hr) to remove highly modified Phaffia cells which probably
remained in suspension (Johnson et al., 1978) the pigmentation in the
supernatant was not completely eliminated. To determine the fate of
carotenoids presumably released into the culture medium, supernatant
was treated with acetone on a 1:1 (V/V) basis and kept at 4°C for 12
hr. A white precipitate (which had lytic activity after dissolution
in phosphate buffer) was removed by centrifugation and electronic ab-
sorption spectrum of the yellow-brown supernatant (i.e. pigment in ace-
tone-water) was determined. No evidence of presence of carotenoids was
found; in fact the observed absorption spectrum had no peak within the
range of wavelength tested (Fig. 18). Since high initial levels of

Bacillus circulans WL-12 improved its effectiveness in modifying the

cell walls of Phaffia rhodozyma, the effect of high inoculum levels of

the yeast was examined. Results presented in Table 7, show that yields
of cell mass and final pH of medium were fairly independent of the
yeast inoculum size within the range tested. Total yield of astaxan-
thin, probably, was also unaffected; the slight differences in the data
might be due to the time of assay since the lag phase of growth (and
hence astaxanthin production) would be reduced at the high inoculum

levels. Levels of lytic activity were high but no consistent effect
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Fig. 16. Effect of bacterial inoculum size on yield of astaxanthin
in the mixed culture of Bacillus circulans WL-12 and
Phaffia rhodozyma.

Figures and corresponding symbols refer to relative ratios
{dry weight basis) of inocula of Bacillus circulans WL-12,
Phaffia rhodozyma was kept at 1.0 throughout.
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Fig.

17.

Effect of the inoculum size of B. circulans WL-12 on cell
mass recovered from the mixed culture with P. rhodozyma.

Ratio of yeast (Phaffia) was kept at 1.0 throughout.
Date were obtained from the same experiment as Figs. 14, 15

and 16.
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Fig. 18. Absorption spectrum of pigment recovered from mixed culture
medium (84-90 hr of growth).
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of size of yeast inoculum was apparent. Extractability of astaxanthin
was also comparable at all levels of yeast inoculum tested. In general

increasing the inoculum size of Phaffia rhodozyma does not enhance the

efficiency of the mixed culture system even in presence of high levels

of Bacillus circulans.

MIXED CULTURE OF BACILLUS CIRCULANS WL-12 AND

PHAFFIA RHODOZYMA IN BATCH FERMENTORS

In order to examine feasibility of the mixed culture on a scale
larger than shake flasks, experimentation was carried out in three 5-
liter fermentors, using 3-liter working volumes. The medium, as usual,
was buffered with 0.1M potassium phosphate. Initial concentration of
P. rhodozyma was kept constant in all the fermentors (approximately 0.31
g on dry weight basis was used), but that of the bacillus was varied
from 0.39 to 1.40 g. Details of the preparation of the inocula and of
other cultural conditions employed, have been described in Materials
and Methods. Astaxanthin was extractable from biomass produced in all
the fermentor mixed cultures. Fig. 19a shows that bacterial inoculum
size has considerable influence. At the highest inoculum employed,
nearly all the pigment synthesized by P. rhodozyma by 48 hr of the fer-
mentation, was extractable, whereas 144 hours were required to achieve
comparable efficiencies at the lower inoculum levels. Yeast cell wall
modification in the fermentor cultures was also associated with develop-
ment of lytic activity, and proceeded most rapidly at the highest con-
centration of B. circulans used. At that level (1.4 g), maximum lytic

activity was reached at approximately 60 hr, when 100% extractability
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Fig. 19a. Extractability of astaxanthin from biomass in fermentor mixed
cultures of Bacillus circulans WL-1 and Phaffia rhodozyma.

Symbols: o & Inoculum size of B. circulans WL-12 was 1.40 g
A A Inoculum size of B. circulans WL-12 was 0.70 g

o e Inoculum size of B. circulans WL-12 was 0.39 g
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of astaxanthin was observed. In cultures which employed less Bacillus
circulans, lytic activities detected at 144 hours were suprisingly
small, even when approximately 90% of yield of astaxanthin was extract-
able. Unfortunately, maximum yield of astaxanthin was lowest when the
highest bacterial inocutum was used {Fig. 19b}. It was approximately
0.78 wg/ml (at 48 hr) (compared with 1.03 and 1.19 pg/ml at 96 hr at
the lower inoculum sizes), and also declined rather rapidly (probably
due to autolysis) to about 0.52 pg/ml by 96 hr of the fermentation. 1In
contrast, the maximum yields of astaxanthin at the lower initial concen-
trations of the bacillus, were fairly constant up to 144 hr {not shown
in the Fig.).

Successful development of the mixed culture in fermentors illumin-
ate its potential commercial importance. It also reaffirms the impor-
tance of an adequate bacterial inoculum size for achieving the desired
outcome as early as possible. In addition, it shows that, as bacterial
inoculum is increased, time of harvest of biomass becomes very critical

in order to minimize autoiysis of the yeast.

RE-USE OF CELL-FREE CULTURE FLUID DERIVED FROM

THE MIXED CULTURE

After separation of biomass from the mixed culture of Bacillus

circulans and Phaffia rhodozyma, the culture fluid, Taden with lytic

enzymes, could become a reusable rescurce. It could be used to treat

fresh batches of Phaffia rhodozyma cell mass in order to facilitate as-

taxanthin recovery or absorption (if the cell mass is used in feeds).

Number of recycles of the enzyme system would probably depend on the
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Fig. 19b. Effect of inoculum size of Bacillus circulans WL-12 on yields
of astaxanthin in fermentor mixed cultures.

Letters indicate times (hr) of sampling: A = 48 hr

B

96 hr
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effect of each treatment on its lytic potency. To examine this on a
laboratory scale, a cell-free lytic system was recycled on a few bat-
ches of the yeast cells. Table 8a shows that two successive treatments
had appreciable efficiency in hydrolysis of the yeast cell walls. After
two cycles, there was considerable reduction in lytic potency of the
enzyme system.

Alternatively, the lytic enzyme (culture fluid) could be reforti-
fied with nutrients and used as a culture medium for growth of Phaffia
cells. Resultant yeast mass, could contain readily extractable or bio-
logically-available astaxanthin because the cell walls would be consi-
derably altered or modified during growth in presence of the lytic sys-
tem. In order to develop this theory, a cell-free lytic system was
obtained by centrifuging twice at 13,000 rpm for 1 hr, the pooled con-
tents of six 73-75 hr old mixed culture flasks grown as usual, with ino-

cula containing 1:2 (dry weight basis) ratio of Phaffia rhodozyma and

Bacillus circulans WL-12. Lytic activity in the system was determined

to be approximately 125 lytic units/ml. 80 ml volumes of the culture
fluid were dispersed aseptically into four sterile 500 ml baffled side-
arm flasks. Each flask received 10 ml of a sterile aqueous stock solu-
tion of glucose, prepared to give a final concentration of 1.5% in 100
ml of medium. Another 10 ml required to make up each flask was sup-
plied as a sterile stock solution (in 0.2M phosphate buffer, pH 7.0)

of supplementary nutrients shown in Table 8b; the given concentrations
of the nutrients were final values in 100 ml of medium. In short, each
flask contained 80 ml of culture fluid and 20 ml of stock solutions of

nutrients. An inoculum of Phaffia rhodozyma was grown up under condi-

tions described in Materials and Methods, washed twice in sterile
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distilled water and resuspended to a turbidity of 300 klett units.

Z ml of the suspension was inoculated into each of the four flasks and
the experiﬁent was incubated at 20°C with shaking at 200 rpm for

48 hr.

Table 8b shows that Phaffia rhodozyma was able to grow in the

refortified culture fluid containing the lytic enzyme complex, and that
resulting cell yields contained easily extractable astaxanthin. Of the
four types of stock solutions of nutrients used in the enrichment, those
containing ammonium phosphate plus peptone, and urea plus potassium
phosphate plus peptone, were the most satisfactory in producing good
yields of cell mass, and high proportions of extractable astaxanthin.
The stocks containing entirely complex nutrients (yeast extract, malt
extract and peptone {VYMP)} and that containing yeast nitrogen base (YNB},
were very efficient in cell mass production but did not permit appre-
ciable cell wall modification. While the Tow final pH caused by YNB
could partiy explain the apparently limited lytic enzyme activity on
Phaffia cell walls, the corresponding effect cbserved in medium forti-
fied with YMP is not clear. It may be that the two supplements gener-
ally supported synthesis by the yeast of a high level of some cell wall
components which was resistant to the hydrolytic action of the lytic

enzyme complex of Bacillus circulans WL-12, for example, mannan-protein.

What seems to be noteworthy is that the supplementation requires a
relatively high level of NHZ compounds, or urea, and complex nitrogen
compounds in order to keep medium pH high encugh for geood enzymatic

action cn the yeast cell walls.
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A PROPOSED SCHEME FOR BIOMODIFICATION OF

PHAFFIA RHODOZYMA

On the basis of all the results, a scheme (Fig. 20) is proposed

for enzymatic treatment of Phaffia rhodozyma to enhance bio-availabil-

ity of astaxanthin. In the scheme, simultaneous cultivation of yeast

in pure culture and in mixed culture with Bacillus circulans WL-12 is

envisaged. After about 75 hours, cell-free culture fluid from the mixed
culture is recycled on some batches of the yeast cells grown in pure
cultures. After a suitable number of cycles, waste Tiquid (Tow in ly-
tic enzyme activity) is removed and all the treated cell mass (derived
from both pure and mixed cultures) is pooled and channeled into desired
use.

The proposed enzyme recycle would substantially improve the eco-
nomic prospects of large-scale production and treatment of Phaffia
rhodozyma. It is possible that a greater degree of success could be
achieved in a commercial situation than is indicated in this work be-
cause longer contact periods for each cycle would be employed in
industry.

In the alternative, the culture fluid derived from the mixed cul-
ture can be refortified with suitable cheap nutrients and re-used for

cultivation of Phaffia rhodozyma. Resulting cell mass (after about 48

hours) would have altered cell walls and astaxanthin would be extract-
able and presumably biologically available. For simplicity, this option

in re-use of the lytic enzyme is omitted from the scheme in Fig. 20.



Figure 20.

Block diagram for a proposed scheme for enzymatic treatment
of Phaffia rhodozyma.

In the scheme, modified P. rhodozyma (resulting from mixed
culture with Bacillus circuTans WL -12) and the unmodified
yeast {pure culture) are grown concurrently. More than
one pure culture vessel may be used, or the cell mass from
one vessel may be divided into different portions. Cell-
free culture fluid (containing Tytic enzyme system) from
the mixed culture is used to treat biomass from the pure
culture/s. The culture fluid may be recycled if necessary.
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AN ELECTRON MICROSCOPIC STUDY OF THE MIXED CULTURE OF

BACILLUS CIRCULANS WL-12 AND PHAFFIA RHODOZYMA

This study was undertaken to obtain some evidence of physical

modifications in the cell wall of Phaffia rhodozyma during its diges-

tion in mixed culture, and to correlate such changes with extractabil-
ity of astaxanthin. Samples were taken from @ mixed culture containing
a 1:1 inoculum (dry weight basis) of the bacterium and the yeast, and
from a pure culture of the yeast (control), at 48 and 72 hr, and pro-
cessed as described earlier.

Electron micrographs of 48 hr samples of the mixed culture contained

few cells of Bacillus circulans; this probably explains the relatively

low lytic activity and low extractable levels of astaxanthin observed
in corresponding samples assayed in earlier sections of this study. In

contrast, Phaffia rhodozyma cells were abundant, (Fig. 21, electron micro-

graph nos. 121, 122) and resembled those of the same age in the contraol
(no. 123). In the electron micrographs, most of the spherical cells
might possibly be blastospores described by Miller et al. (1976). Typi-
cal budding cells are also present. It appears that the staining tech-
nique employed in this work has not clearly revealed many of the charac-

teristic features of Phaffia rhodozyma and other basidiomycetous yeasts

described by Miller et al. (1976), and by Kreger van Rij (1971), but they
can be found by close inspection. The features include a Tamellar cell
wall structure which shows here as a thin dark Tlayer alternating with
electron opaque layers, collar-like strands of the wall formed at the
base of some buds (nos. 122 & 123), and cross-wall formation at the isth-

mus between bud and mother cell (no. 121). Use of ruthenium red in
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this study reveals distinctly the capsule formed by Phaffia rhodozyma

(no. 115); the dye is specific for anionic polymers, most of which are
carbohydrates (Luft, 1971). Traces of fimbriae were also discernible
at adjacent areas of yeast cell surfaces.

By 72 hr, considerable growth of the bacillus had occurred in the
mixed culture (nos. 119 & 120). This stage was marked by virtual absence
of budding yeast cells. Of particular interest was the occurrence in
many cells of varying degrees of internal disorganization. Some of the
cells, apparently, had undergone total lysis and many cell ghosts and
extruded cellular materials were present. Capsular materials appeared
to be considerably reduced, and only those of the relatively young cells
of the population were appreciably stained by ruthenium red (nos. 130
& 131), the young cells were distinguishable by the dark-staining cy-
toplasm. These results indicate that intracellular modification of

Phaffia rhodozyma accompanied or were induced by lytic activity on its

cell walls. The electron micrographs of control samples at 72 hr (nos.
117 & 118) were not remarkably different from those of 48 hr. Unfor-
tunately, the 72 hr samples stained with ruthenium red were unexpec-
tedly different; the yeast cells were greatly distorted in shapes, even
though cell ghosts were virtually absent as expected (nos. 128 & 129).
The distortions could be attributed to faulty processing of the samples
since the dye clearly revealed capsular material around most of the
cells. In addition, presence of dark-staining clumps of material in
most of the cells suggests that depletion of intracellular reserves
which normally precede autolysis, had not occurred in the 72 hr con-
trol samples. In general, the ultrastructural study shows that

extractability of astaxanthin from yeast cells grown in the mixed
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Figure 21. Electron micrographs showing the digestion of Phaffia
rhodozyma by wall-lytic enzymes produced by Bacillus
circulans WL-12 in mixed culture.

A pure culture of P. rhodozyma was examined as a control. Each
electron micrograph carries a number and can be referred to at the appro-

priate citation in the text.

Numbers (on the

Summary of the electron micrographs electron micrographs)
Stage of culture examined Mixed culture Pure culture of P.
(hr) rhodozyma (control)
48 121, 122 123
48* 115 ™
72 119, 120 117, 118
12* 130, 131 128, 129

* Samples stained with ruthenium red as described in Materials and
Methods.

A1l cultures were grown in YNB (0.7%) and glucose (1.5%) buffered with
0.1M phosphate buffer pH 7.0.

B. circ. = Bacillus circulans; CW = cross wall; CBW = collar-like strands
of wall at base of bud; CRR = capsule stained by ruthenium red; F =
fimbriae; DY = disorganized yeast. Magnification throughout: x 3000




48 hr mixed culture.

Figure 21 (cont.):

132
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culture, can only be accounted for by modification of the yeast induced
by presence of the bacillus.
Two other staining methods were used for monitoring the changes

in the integrity of the cell walls of Phaffia rhodozyma in samples

taken from a mixed culture in shake flasks. They are the Gram stain,
as modified by Bianchi (1965), and the Diazonium Blue B (DBB) test pro-
cedure used by Tevayanond (1981). According to Bianchi (1965), intact
yeast cells are Gram positive, whereas broken or disrupted anes are
gram negative. By substituting methyl green for safranin normally used
as counterstain in conventional Gram staining operations, and by using
a cell wall stain, phosphomolybdic acid in addition, he achieved dif-
ferential staining of intact cells (black), walls of broken cells
(light green), and cytoplasm (1ight purple}. When the technique was

applied to samples of the mixed culture of Bacillus circulans and

Phaffia rhodozyma, all yeast cells present in duplicate fields (light

microscopy) in 48 hr samples were gram positive. By 72 hr, only 6%
retained gram positivity, thereby showing that considerable wall modi-
fication or disruption had occurred at the time when most of the pig-
ment in yeast pellets were extractable. Uptake of DBB (i.e. a positive
reaction) has been shown to be typical of basidiomycetous yeasts (Hagler
and Ahern, 1981}, Recently, the cell wall was shown to be the site of
the reaction (Tevayanond, 1981). In addition, factors such as natural
or induced aging, pH, residual sugar in the medium, etc., were also

shown to influence the reaction. Since Phaffia rhodozyma is a basi-

diomycetous yeast (Miller et al., 1976) samples taken from the mixed
culture were subjected to DBB test in order to supplement previous ob-

servations on the relationship between cell wall alterations and

138
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extractability of astaxanthin. Since the yeast is naturally pigmented,
the reaction of each sample (cell peliet) was deduced by comparison with
an untreated control. Samples remained negative up to 40 hr of the mixed
cuTture, and positive (delayed) from 48 to 54 hr. From 58-72 hy, sam~-
ples were intensely positive in the DBB test; this period correlated
with 85-90% extractability of astaxanthin contained within cell pellets.
The results of the gram stain and the DBB test merely confirm
those obtained by electron microscopy. Further since the intensity of
the DBB reaction depends on culture age (Tevayanond, 1981), the test
strongly indicates that a compiex interrelationship may exist between
yeast aging and extractability of astaxanthin in a mixed culture of

Bacillus circulans WL-12 and Phaffia rhodozyma.

INFLUENCE OF AUTOLYSIS ON EXTRACTABILITY OF
ASTAXANTHIN FROM PHAFFIA RHODOZYMA

Effect of culture age on susceptibility of the yeast to enzymatic

cell wall modification.

Electron microscopic observations indicated that considerable dis-

integration of Phaffia rhodozyma had occurred during the period when ,

astaxanthin was extractable. Apparentiy, lytic activity of Bacillus
circulans WL-12 accelerated autolysis of the yeast. It is probabie

that digestion of the yeast cell walls and the associated autolytic
phenomena, proceeded gradually in the mixed culture, and would depend

on the concentration of the lytic enzyme at any time, as well as on sus-
ceptibility of the cell walls to enzymatic digestion. Since the latter

variable would probably also depend on culture age, an experiment was
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performed to test the effect of 'age' on susceptibility of Phaffia
rhodozyma to the lytic enzyme complex of the bacillus.

In the experiment, culture fluid derived from a 75 hr old mixed
culture after centrifugation at 12,000 rpm for 50 minutes, served as
the source of lytic enzymes. The undiluted enzyme solution contained
approximately 102-105 lytic units/ml. 1/10, 1/20 and 1/30 dilutions
in 0.05M phosphate buffer pH 6.5 gave approximately 12.5, 7.6 and 3.4

lytic units/ml respectively. Phaffia rhodozyma cells were grown as pure

cultures as described in Materials and Methods, and harvested at 24,

48 and 72 hr. After a preliminary washing with sterile distilled

water, the cells were suspended in appropriate dilutions of the lytic
enzyme to give concentrations of 6 mg/ml (cell dry weight basis), incu-
bated on a roller drum at 30°C, and assayed for extractability of asta-
xanthin after 3 days. The results presented in Fig. 22, illustrate that

digestibility of Phaffia rhodozyma cell walls depended on 1ytic enzyme

concentration at any culture age tested. Cells harvested at 48 hr were
apparently the most resistant to hydrolysis. However, with the excep-
tion of the saturated enzyme, 72 hr old cells were more susceptible to
lytic activity, than those of 24 hr. These findings indicate that

extractability of astaxanthin from the yeast, Phaffia rhodozyma, is at

least dependent on culture age (and associated autolysis), and lytic

enzyme concentration.

Effect of autolysis on extractability of astaxanthin from

Phaffia rhodozyma.

It is well known that yeasts can be artificially induced to auto-

lyse by incubation under suitable conditions of temperature, pH, buffer
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Fig. 22. Influence of culture age on susceptibility of Phaffia rhodozyma
to the lytic enzyme complex of Bacillus c¢irculans WL-12.

The tested cells of Phaffia rhodozyma were grown in pure cul-
ture while the lytic enzyme complex was produced in a mixed
culture of the yeast and B. circulans WL-12.

Key to letters: A = Undiluted enzyme = 100 u/ml

B = 1/10 dilution of enzyme = 12.5 u/ml
€ = 1/20 dilution of enzyme = 7.6 u/ml
D = 1/30 dilution of enzyme = 3.4 u/ml

The diluent for the lytic enzyme was 0.05M phosphate buffer
pH 6.5.
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solutions, organic solvents and other chemicals. Since autolysis of

Phaffia rhodozyma could become a useful tool for liberation of its caro-

tenoids, efforts were made to stimulate it. Cells of the yeast were
harvested after 48 hr of culture, washed once in sterile distilled
water, and suspended in various solutions at concentrations of about

6 mg/ml in large test tubes. Incubation was carried out at 37°C (with-
out any agitation of the tubes). After three days, contents of each
tube was assayed for extractability of astaxanthin and visually scored

for retention of characteristic salmon-pink color of Phaffia rhodozyma

cells. Table 9 shows that very 1ittle autolysis occurred when the
yeast was incubated in its medium of growth (which contained 0.1M phos-
phate buffer) with or without pH adjustment. It also seemed that the
characteristic color of the yeast had deteriorated somehow. Similarly,
Tris buffer, pH 8, with or without dithiothreitol (DTT), was unsuit-
able, but pigmentation of the yeast appeared to be protected. When dis-
tilled water containing 2% toluene was the autolysing system, consider-
able extractability of astaxanthin was achieved. Unfortunately, the
organic solvent dissolved some of the carotenoids during the incuba-
tion period; this probably contributed to the apparent decrease in the
pink color of yeast pellet. Use of toluene would probably be undesir-

able in a commercial autolysis of Phaffia rhodozyma meant for applica-

tion to feeds. Substitution of 15% NaCl for toluene completely inhibi-
ted the autolytic system, probably because of the acidity of the salt,
and also caused some loss of cell color. Distilled water (as is pH
6.6), and 0.02M sodium citrate buffer pH 7.0, promoted considerable

autolysis of Phaffia rhodozyma and preservation of its pink color.

Addition of DTT to citrate buffer enhanced its effectiveness. In
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general, the ability of Phaffia rhodozyma to autolyse under these con-

ditions, is an asset from a commercial point of view. DIT would most
probably be omitted in industry because of its pungent odor which

might make the yeast-containing feed unacceptable to animals.

A comparison of the effects of three different methods of treatment

on extractability of astaxanthin from strains of Phaffia rhodozyma.

Results of previous experiments indicated that Phaffia rhodozyma
could be treated in at least three different ways to facilitate reco-
very of its carotenoids. The methods include: extracellular lytic
enzyme digestion, autolysis in water and autolysis in 0.02M citrate
buffer pH 7.0 + DTT. An attempt was made to compare the effectiveness
of the treatments on different strains of the yeast. Table 10 shows
that the six strains tested varied considerably in their responses to
the treatments. Only strain 67-484 was remarkably susceptible to all
the conditions of exposure. Strain 67-385 appeared to be very suscep-
tible to autolysis, but not to extracellular lytic activity. For strain
67-210, lytic enzyme activity and autolysis in distilled water produced
comparably good results, and were more satisfactory than autolysis in
citrate buffer + DTT. A1l the conditions of treatment, in general, did
not favor extractability of astaxanthin from 68-653C, 67-202 and 67-
203, although the Jlast one was fairly autolysed in distilled water.

It would appear from these results, that 67-484 could be the most
preferred source of astaxanthin because of its susceptibility to all
the methods employed above, It also seemed, in general, that the strains

reacted in approximately the same order to each method of treatment.
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USE OF ALFALFA RESIDUAL JUICE FOR CULTIVATION

OF PHAFFIA RHODOZYMA

ARJ is a relatively new waste product derived from leaf protein
extraction from alfalfa. Like many food-processing waste products, its
use for biomass production would help alleviate obvious disposal pro-
blems. It would be a cheap substrate for cultivation of Phaffia
rhodozyma if it could support growth of the yeast and astaxanthin

formation.

Substrate pretreatment.

In order to improve alfalfa residual juice (ARJ) for possible

growth and astaxanthin formation by Phaffia rhodozyma, it must be di-

luted to a suitable consistency and sugar concentration. It has been
estimated that the juice contained approximately 22% sugar {Kohler and
Fremery, 1975); thus, a ten-fold dilution (to give approximately 2%
sugar), would probablybe adequate. In addition, ARJ must be clarified
to remove plant debris and other undesirable solids.

Use of phosphate buffer pH 5.6 as diluent (0.02M-0.1M, final mo-
Tarity), followed by suction filtration through Whatman no. 2 filter
in presence of 10% diatomaceous earth (DE), were not satisfactory.
Phosphate appeared to cause formation of a red-brown precipitate when
the mediumwas pasteurized (at 145°C for 12 min) or autoclaved (at 121°C
for 15 min). In addition, it (phosphate) seemed to enhance adsorption
of some chromogenic components of ARJ on to Phaffia rhodozyma cells;
resulting green pigment on cell pellet could not be satisfactorily
removed by washing thrice with water and once with acetone. The use

of DE apparently caused the pH of the medium to rise to 7.8-8.02 within
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48 hr of growth of Phaffia rhodozyma; this was probably caused by pre-

sence of some alkali in DE.

{0.02 motar phthalate buffer pH 5.6 was a satisfactory dituent for
ARJ. Centrifugation of the diluted juice twice at 13,000 rpm for 1 hr
was sufficient to remove plant debris and other unwanted solids. Auto-
claving was preferable to pasteurization because the latter did not
completely eliminate bacterial contaminants which often grew consider~

ably in the culture of Phaffija rhodozyma.

Growth of Phaffia rhodozyma in aifaifa residual juice (ARJ).

The growth curve of Phaffia rhodozyma was determined in ARJ diluted

to contain 2.0% sugar in 0,02M phthalate buffer pH 5.6. As a control,
the yeast was also grown in a semi-synthetic medium (SSM) which con-
tained 2.0% glucose and phthalate-buffered (0.02M, pH 5.6) MgSO4, 0.02%,
KH2P04, yeast extract, peptone., each 0.5%. The curves are shown in Fig.
23. The two media supported nearly equivalent rates of growth. Their
maximum yields of cell mass were also comparable, though they were at-
tained at slightly different periods of time. After the attainment of
maximum growth, yeast mass appeared to decline more rapidiy in the ARJ
than in the SSM; this is probably due to different rates of autolysis
in the two media.

In contrast to the observed patterns of cell growth, production
of astaxanthin in the two media were strikingly different. 1In the con-
trol, formation of the carotenoid was closely associated with cell
growth, and a maximum yield of approximately 2.0 ng/mi was attained at

about 60 hr {(Fig. 23). Unfortunately, ARJ appeared to inhibit asta-

xanthin formation; cells produced throughout the 84 hr fermentation



Fig. 23.

Growth of Phaffia rhodozyma in alfalfa residual juice and
in a semi-synthetic medium (control).

Symbols: o alfalfa residual juice (ARJ)
a control
s« astaxanthin production in control
The semi-synthetic medium contained (in 0.02M phthalate

buffer pH 5.6) MgSO4 0.02%, KH2P04, yeast extract, peptone
each 0.5%, glucose 2%
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period lacked the characteristic salmon-pink color of Phaffia rhodozyma.

Hence they were not assayed for astaxanthin.

Effects of supplementary nutrients on growth and pigmentation

of Phaffia rhodozyma in alfalfa residual juice (ARJ).

The last experiment had shown that pigmentation of Phaffia
rhodozyma was inhibited by ARJ. The inhibition was thought to be due
to deficient quantities of some essential nutrients, or to their limited
availability for absorption by the yeast. Therefore, an attempt was
made to enrich the ARJ. Nutrients, prepared as sterile stock solutions
were added to ARJ separately and in a combination, to give final concen-
trations equivalent of those which previously supported astaxanthin
formation in SSM. In addition, a prolonged fermentation period was
adopted to determine whether astaxanthin formation might possibly de-
velop. Table 11 shows that the objective was not realized. KH2P04,
alone or in combination with other supplements, appeared to enhance
yield of cell mass, but pellets were dark-green in color. This pheno-
menon was observed earlier in this study when phosphate buffer was used
as diluent for ARJ. Of the other supplements, glucose seemed to improve
cell mass recovery at 105 hr; the cell pellet also showed some yellow-
brown color in visual comparison with those of other supplements.
Therefore, further information was desired on the ability of glucose

to promote growth and pigmentation of Phaffia rhodozyma in ARJ. For

the experiment, the yeast was grown in ARJ supplemented with various
levels of glucose ranging from 0.5-3,0%. Samples taken at intervals
were assayed for cell mass and visually inspected for pink coloration

as a prelude far possible astaxanthin analysis. Fig. 24 shows that
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growth rate and maximum cell mass rose as the level of suppliementary
glucose increased to about 2%. At 1.5% and 2% supplementary glucose,
yields of cell mass were maximal at 60 hr and roughly equal. Consider-
able autolysis occurred after attainment of maximum growth, but was
apparently minimized by the glucose supplementation. Unfortunately,
none of the supplementary levels of glucose caused the pink color to
appear in yeast mass, at any stage of growth; astaxanthin synthesis was
still inapparent and no analyses were made. From the above two series
of experiments, it is concluded that the inhibitory effect of alfalfa

residual juice on pigmentation of Phaffia rhodozyma is not due to

deficiency in nutrients. It is obvious, however, that the juice must
be supplemented with glucose or possibly other sugar, in order to enhance
maximum yield of cells and minimize autolysis. These precautions would

be very important if Phaffia rhodozyma is intended for use as a source

of single cell protein.

Effect of ARJ on strains of Phaffia rhodozyma.

Up till now, experiments with the ARJ have tested its effects on
the type strain 67-210 of Phaffia rhodozyma, and have shown that the
juice is detrimental to its carotenoid formation. Since primary inter-
est in the yeast is in its content of carotenoids (primarily astaxan-
thin), it was necessary to determine whether any of the other strains
of the yeast could utilize ARJ for synthesis of the pigment. Accord-
ingly, five strains, in addition to 67-210, were compared. In addition
to cultivation in ARJ, each strain was grown in the usual SSM to serve
as control. As expected, good yields of astaxanthin and cell mass were

achieved by all the tested strains in their control cultures (Table 12).



Fig. 24.

Influence of various supplementary levels of glucose on
growth of P. rhodozyma in alfalfa residual juice (ARJ).

Numbers 0-3.0 represent concentrations (%) of supplementary
glucase in 100 ml of medium (ARJ).

The glucose supplements were added from sterile stock
solutions.
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In contrast, none of them produced astaxanthin in ARJ. Their low
yields of cell mass in ARJ relative to the controls, were probably due
to autolysis which has been shown in previous experiments (with the type
strain only) to occur relatively rapidly in ARJ after about 60 hr of

growth.

Effect of various concentrations of aifalfa residual juice (ARJ)

on astaxanthin formation by Phaffia rhodozyma.

In the last series of experiments, the inability of Phaffia
rhodozyma to synthesize its potentially useful, salmon-pink carotenoid,
astaxanthin, was demonstrated. Apparently, one or more components of
the juice inhibited biosynthesis of the pigment.

In order to examine the inhibitory effects of the juice in greater
detail, various concentrations were incorporated into different batches
of a standard medium known to promote good yields of astaxanthin. 80
ml (total) volumes of media were used in 500 ml baffled side-arm flasks.
The standard medium (SM) was equivalent to the semi-defined medium used
in earlier parts of this study and contained {as final concentrations)
in 0.02M phthalate buffer pH 5.6, 0.02% MgSO4-7H20, KH2P04, yeast ex-
tract, and peptone, each 0.5% and glucose, 2%. In control flasks, ARJ
was omitted from the SM which was made up by dissolving all the campo-
nents (except glucose) in 40 ml of buffer (0.04M) and then diluting to
80 ml with an equivalent volume of a sterile stock solution of glucose.
In experimental flasks, the glucose was dissolved and sterilized in suc-
cessively lower volumes of water, and increasing volumes of sterile
juice (diluted 5-fold in water) were used to make up to 40 ml volume.

In general, media in the experimental flasks were equivalent in



composition to those of the controls, and contained in addition, vary-
ing concentrations of ARJ ranging from 0-12.5 (v/v). A1l flasks were
inoculated with Phaffia rhodozyma prepared as described in Materials
and Methods, and incubated at 20°C with shaking at 200 rpm. Contents
of the flasks were assayed for yields of cell mass and total astaxan-
thin after 48 hr.

As expected, results (Fig. 25) showed greater yield of cell mass
in experimental cultures than in the controls; the higher the juice con-
centration in the medium, the greater the cell mass produced. In con~
trast, yields of astaxanthin were very high in the controls, remained
fairly stable up to 1.25% v/v concentration of ARJ, and then declined
sharply up to 3.7%, then less conspicuously at higher levels of the
juice tested. Above approximately 3.7%, quantities of pigment detected
as astaxanthin were surprisingly Targe and unexpected from visual es-
timation of colors of cell pellets, or of pigment dissolved in acetone
(greenish-yellow), and from previous experience in this study. It was
postulated that pigments detected at the higher levels of ARJ were pro-
bably due to adsorption of some chromogenic parts of ARJ on the surfaces
of Phaffia cells; the chromogens were apparently not removed by washings
with distilled water. In order to test the hypothesis, pellets were
derived again by centrifugations of equivalent volumes of samples taken
from all the flasks (containing various levels of ARJ). Each was washed
with water until water-soluble chromogenic constituents of ARJ ceased
to appear in supernatants. It was then treated directly with acetone
and dissolved pigment estimated as astaxanthin. Results (Fig. 25)
showed that dissolved pigments were greenish-yellow and increased in

quantity with concentrations of juice in medium. The results suggested
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Fig 25.

Effect of levels of alfaifa residual juice on growth and
astaxanthin production by Phaffia rhodozyma.

Various levels of the juice were added to the semi-synthetic
medium similar to that of Fig. 23.

Symbols: A-A Astaxanthin; dotted lines represent pigment
possibly adsorbed on yeast cells and assayed as
astaxanthin.

x-x Pigment adsorbed on yeast cells (assayed as
astaxanthin).

o-o Cell mass (mg/ml).
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that above approximately 3.7% (v/v) concentration of ARJ, there was
total inhibition of astaxanthin formation. They also showed that pig-
ments from the juice could adsorb on Phaffia rhodozyma cells and show
as artifacts in assays for astaxanthin.

Two other experiments were used to demonstrate the ability of the
yeast cell surface to adsorb pigments from ARJ. In the first one, pel-
lets were again obtained from flasks containing 0%, 2.50% and 11.25%
(v/v) ARJ and washed properly as described previously. They were trea-
ted with acetone with and without prior mild acid treatments in a manner
used in determinations of 'total' and 'extractable' astaxanthin and des-
cribed in Materials and Methods. Electronic absorption spectra of pig-
ments dissolved in acetone, were then determined. Fig. 26 shows that,
as expected, no pigment was extractable by direct acetone treatment of
cells grown without ARJ in the medium. However, the mild acid treatment
facilitated extraction of pink pigments which had typical absorption
spectrum of carotenoids (i.e. with absorption peak at approximately
450 nm). In contrast, pigments were extractable from cells grown in
presence of ARJ (2.5% and 11.25% v/v), with and without the acid treat-
ment. The pigments from the two levels of juice were typically greenish-
yellow in appearance. Though some slight differences could be observed
(Fig. 26) in the breadths of the absorption spectra of samples derived
from each level of juice, they were probably caused by the acid treat-
ments given to some of the samples. Pigments from the two levels of
ARJ were generally identical and their absorption spectra peaked at
approximately 390 nm. The higher peak observed at the higher level of
ARJ indicated that the amount of pigment adsorbed on yeast cells was

related to the actual concentration in the medium. In general, this
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Fig., 26.

Absorption spectra (in acetone) of pigments extracted from
washed cells of Phaffia rhodozyma grown in basal medium with
or without alfalfa residual juice ?ARJ).

The basal medium was equivalent to the semi-synthetic medium
used in Figs. 23 and 25 and contained (in 0.02M phthalate
buffer pH 5.6) MgS0, 0.02%, KH POQ, yeast extract, peptone
each 0.5%, and gTucgse 2%.

Key to the figure:

Top: washed cells not treated with HCT.

Bottom: washed cells treated with HC1.

A: medium contained 11.25% (v/v) ARJ.

B: medium contained 2.5% {(v/v) ARJ.

C: basal medium (no ARJ).
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experiment showed that high Tevels of ARJ completely inhibit astaxan-
thin synthesis and could be adsorbed on the yeast cell surface.
In the second experiment, a known non-pigmented yeast, Saccharo-

myces cerevisiae 71-141 (Guinness Stout yeast) was grown in media con-

taining different concentrations of ARJ. Preparation of inocula was

similar to that described previously for Phaffia rhodozyma, but incu-

bation was at 26°C with shaking at 150 rpm. After 48 hr, the yeast cells
grown in presence of ARJ were darker in color, but pigment appeared to

be completely removed after three washings with water. Acetone treat-
ment of washed cells, however, was able to detect rather low levels of
adsorbed pigment (Table 13). This experiment again illustrates that
components of ARJ can adsorb on to yeast cells grown in their presence,
It would appear that the cell surface of Phaffia rhodozyma has greater

affinity for the pigments than that of the strain of Saccharomyces

cerevisiae used here; this would probably be explained by the presence

of pronounced capsular material in Phaffia rhodozyma.

In the foregoing experiments, it was obvious that addition of var-
jous levels of ARJ to the standard medium increased total concentrations
of sugar; final sugar concentrations varied from 2.25% to 4% (calculated
amount of sugar in added quantity of juice was based on sugar content
of ARJ as determined by Kohler and Fremery, 1975). It was essential

to determine whether increasing sugar levels contributed to the inhibi-

tory effect of ARJ on astaxanthin production by Phaffia rhodozyma. To
accomplish this objective, an experiment was designed to maintain a con-
stant level of sugar in presence of varying concentrations of the juice.
100 m) standard medium was prepared as a control, by combining 50 m]

of a sterile phthalate-buffered (0.04M) stock solution of nutrients
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(except glucose) with 50 ml of a solution containing 2 g glucose in dis-
tilled water. Final concentrations of the components of the medium were
MgSOd-?Hzo, 0.02%; KH2P04, yeast extract and peptone, each 0.5%; and
glucose 2%. 1In experimental flasks, the standard medium was similarly
prepared, but volumes of the medium were progressively lowered, as were
amounts of glucose. Increasing volumes of ten-fold dilution of ARJ (in
0.02M phthalate buffer pH 5.6), were then added in amounts calculated

to make up 2% sugar (in 100 m1 total volumes of media). Thus prepared,
each medium contained its own level of ARJ plus 2% sugar, which was
partly derived from the ARJ and partly from the standard medium. All

media were contained in 500 ml baffled side-arm flasks. Inocula of

Phaffia rhodozyma were prepared and other conditions of culture employed

as described in Materials and Methods. Assays were carried out after
48 hr. Results of this experiment (not shown) were identical to those
of Fig. 25. Biomass increased with increasing levels of ARJ. In con-
trast, astaxanthin formation was virtually absent above approximately
?2.5% v/v of the juice. Thus it would appear that ARJ contains some
definite inhibitors of astaxanthin formation. High sugar levels in
standard media supplemented with juice could not be responsible for the

inhibition.

EFFECTS OF SAPONINS ON GROWTH AND ASTAXANTHIN

FORMATION BY PHAFFIA RHODOZYMA

An abundant evidence has been presented on the possible presence
in alfalfa residual juice (ARJ), of inhibitor(s) of astaxanthin forma-

tion. Though the nature of the inhibitor(s) is as yet unknown, some



biologically-active substances such as saponins, might be involved.
These compounds (the saponins), are known to be present in alfalfa and
other legumes (Walter et al., 1954; Birk et al., 1963), and have been
shown to accumulate in considerable amounts in alfalfa solubles (alfalfa
residual juice (ARJ)) under some conditions of leaf protein extraction
from alfalfa (Livingston et al., 1979). Therefore, an attempt was made

to examine their effects on Phaffia rhodozyma. For the experiment, the

yeast was grown in the usual standard medium (known to promote high
yields of cell mass and astaxanthin) containing various concentrations
of saponin (Sigma Chemical Co., St. Louis, MO, U.S.A.). 40 ml of the
sterile medium (prepared so as to contain 0.02% MgSOa-7H20, KH2P04,
yeast extract, peptone and glucose, each 0.5% in 0.02M phthalate buffer
pH 5.6 when diluted to 50 ml), was contained in 500 m] baffled side-

arm flasks. A 2.5% v/v aqueous solution of saponin was autoclaved for

2 minutes and appropriate amounts added to the flasks containing the
sterile basal medium; final concentrations of saponins in the medium
ranged from 0.025% to 0.5%. The volume of medium in each flask was made
up to 50 ml (where appropriate) with sterile distilled water. The sapo-

nins were omitted in control flasks. Phaffia rhodozyma was grown and

prepared for inoculation into flasks as described in Materials and
Methods. Cell growth and astaxanthin formation were measured after 48
hr growth of the yeast at 20°C.

Results presented in Fig. 27 show that yield of cell mass was
slightly improved by 0.025% saponin. Higher concentrations of the chemi-
cal, however, inhibited growth of the yeast tremendously. At 0.1% con-
centration, yield of cell mass was less than 152 of the control. How-

ever, even 0.5% saponin did not completely inhibit yeast growth. In
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Fig. 27.

Effect of saponin on growth and astaxanthin formation by
Phaffia rhodozyma.

Stock solutions of saponin were added (to give final con-
centrations indicated in the figure) to a standard medium
containing (in 0.02M phthalate buffer pH 5.6) 0.02% HgSOQ-
?Hzo. KH2P04, yeast extract, peptone and glucose, each 0

Cultivation of the yeast was for a period of 48 hr.

.5%.
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contrast, astaxanthin formation was more adversely affected by the sapo-
nins and total inhibition was observed at 0.075% concentration of the
inhibitor. These results indicate that saponin content of ARJ could

contribute to its inhibition of pigmentation in Phaffia rhodozyma.

It does not seem to adequately explain the inhibition of growth observed
in this study. However, the stimulatory effect of low saponin concen-
tration (0.025%) on growth might suggest that ARJ probably contains only
low concentrations of the inhibitors. Alternatively, it may be that

the concentration or potency of the saponins present in ARJ could be

neutralized by other complex substances present in the medium {juice).

EFFECTS OF SOME CHEMICAL AGENTS ON THE INHIBITORY

EFFECTS OF SAPONINS ON GROWTH AND PIGMENTATION OF
PHAFFIA RHODOZYMA

The mechanism{(s) by which saponins inhibit growth and astaxanthin
formation in Phaffia rhodozyma is/are unknown. However, since saponins
are surface-active agents, the yeast cell membrane may be a major site
of action. Contact with saponins would probably induce some alterations
in cell membrane integrity as a result of possible changes in content
and composition of lipids and related components of the membrane. Caro-
tenoid biosynthesis might possibly be affected by such changes, This
hypothesis would be proved if the inhibitory effects of saponins could
be reversed by agents known to enrich plasma membrane lipids or enhance
carotenoid biosynthesis in fungi. To test the postulate, Phaffia rhodo-
zyma was grown in a basal medium containing 0.075% saponin and various

suitable agents,



Media were contained in 500 ml baffled side-arm flasks. They con-
tained (as fina) concentrations in 50 m1 of 0.02M phthalate buffer pH
5.6}, 0.02% MgSO4-7H20, 0.5% of each of KH2P04, yeast extract, peptone
and glucose {autoclaved separately) and 0.075% saponin (alsc autoclaved
separately for 2 minutes). The supplements shown in Table 14 were
added from appropriate stock solutions; each concentration shown was
the final in 50 wl of medium. Ergosterol and cholesterol were dispersed
in tween 80 (Andreasen and Stier, 1953); the stock suspensions contained
0,05 g in 10 ml. 1 ml of 95% {v/v} ethanol was used to aid dispersion.

InocuTum of Phaffia rhodozyma was grown up, processed and inoculated

into the flasks as described in previous experiments. Assays for cell
mass and astaxanthin production were made after 48 hr cultivation at
20°C, and the results are presented in Table 14.

The results show that only the unsaturated fatty acids (oleic and
linoleic acids) and the sterols could significantly reverse some ar all
the jnhibitions exerted by saponin on growth and astaxanthin formation.
Linoleic acid appeared to support better growth at the higher concen-
tration employed than oleic acid but the latter was probably more ac-
tive at the lower level employed. None of the two unsatuyrated acids,
however, appeared to improve astaxanthin formatian. In contrast, the
sterols appeared to improve both growth and pigmentation. g-ionone vir-
tually suppressed both growth and astaxanthin formation. ca”* appeared
to have some advantage over Mg++ in prometing growth. A1l the other
supplements tested, had virtually no adverse effects on the activity
of sapanin.

In general, the observed effects of the unsaturated fatty acids

and the sterols may suggest that the saponins probably interfere with
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some aspects of lipid metabolism in Phaffia rhodozyma.

CULTIVATION OF PHAFFIA RHODOZYMA ON OTHER SUBSTRATES:

BREWER’S MALT WORT AND MOLASSES

Brewer's malt wort was prepared in the Brewing Lab; Dept. of Food
Science & Technology, U.C. Davis, and was diluted with distilled water
to contain approximately 2% soluble solids. The molasses (Red Star,
Universal Foods Corp; Miiwaukee, Wisconsin)}, was diluted twenty-fold
and centrifuged twice at 13,000 rpm for one hour to remove debris. Each
substrate was dispensed in 100 ml amounts into duplicate 500 ml baffled
side-arm flasks and autoctaved at 121°C for 15 min. Inocula for the
fermentations were prepared as described previously for experiments with
alfalfa residual juice (ARJ) in Materials and Methods. Conditions of
the fermentations were also simifar to those of ARJ.

The results presented in Table 15a show that brewer's malt wort
and molasses were good substrates for growth and production of astaxan-

thin by Phaffia rhodozyma. Their yields were comparable but were less

satisfactory than those obtained with the peptone-yeast extracts-salts
medium used as a control.

Addition of 0.25-1.00% glucose to the molasses appears to improve
yields of astaxanthin but nat those of cell mass {Table 15b}. However,
addition of some malt wort improves both parameters slightiy. Peptone
and other salts generally improve cell mass production but seem to
depress astaxanthin production. Since malt wort might be expensive,
it appears that unsupplemented molasses may be preferred as a substrate

for growth of Phaffia rhodozyma and astaxanthin production.
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Table 15a. Growth of Phaffia rhodozyma in brewer's malt wort and in

molasses.,*
Yield of Yield of
Medium Astaxanthin (ug/mi) cell mass (mg/ml)
Brewer's malt wort 1.32 6.40
Molasses 1410 6.00
Peptone-yeast extract-salts** 2.00 8.50

*  Cultivation period is 60 hr. All data are averages from duplicate
flasks.

**  (Contained phthalate-buffered (.02M, pH 5.6) MgS0s, .02%, KH2P04,
yeast extract, peptone, each 0.5% and glucose 2.6%
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Table 15b. Effect of supplementary nutrients on growth and astaxanthin
formation by Phaffia rhodozyma grown on molasses.*

Yield of Yield of

Nutrients added** astaxanthin (ug/ml) cell mass (mg/ml)
None 1.10 6.00
0.25% glucose 1.25 5.00
1.00% glucose 1.21 5.00
malt wort**#* 1.18 7.70
0.25% peptone 0.52 B.50
0.25% (NH4)2SO4 0.90 7.50
0.25% (NH4)2HP04 0.46 6.70
0.25% NH4CI 0.42 5.00
0.25% KH2P04 1.06 6.90
X Fermentation time was 60 hr.

** A1l nutrients were prepared as stock solutions so that final concen-
trations are achieved when 50ml of stock was added to 50ml of ten-
fold dilution of molasses.

***  50ml of wort diluted as described previously is added to 50ml of ten-
fold dilution of molasses.
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V. DISCUSSION

MODIFICATION OF THE CELL WALLS OF PHAFFIA RHODOZYMA

IN MIXED CULTURE WITH BACILLUS CIRCULANS WL-12

The primary objective of this study was to determine the feasi-

bility of using a mixed culture of Bacillus circulans WL-12 and Phaffia

rhodozyma to render extractable the astaxanthin of the yeast. This would
result from the Tytic enzyme complex of the bacillus causing modification
of the cell walls of the yeast. A preliminary attempt to obtain basic
information on the nature of the interaction of the organisms in mixed
culture showed that low pH, caused by growth of the yeast, was inhibi-
tory to the bacillus. However, periodic neutralization of the medium
with alkali had a beneficial effect; in consequence, extractability of
astaxanthin was achieved due to improved growth of the bacillus and in-
duction of the lytic enzyme system. The neutralization process was inef-
ficient in this study because it was done by hand, but it seems to have
great potential for industrial application because automated fermenta-
tion systems are available. Automatic pH control would efficiently
maintain the medium within the pH range 6.2-6.8 determined suitable in
this study. Thus, there would be no need for holding period adopted

here to allow cell wall modification to occur. Since growth and pig-
mentation of Phaffia rhodozyma is virtually complete by 40-45 hr, it
might be desirable to shift the temperature of the mixed culture to 30°C
or 37°C to accelerate lytic activity, but as found in this study, time

of cell harvest would be critical because of impending autolysis fol-
Towing completion of the modification of the yeast cell walls.

Further evidence of the feasibility of the mixed culture of Bacillus
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circulans WL-12 and Phaffia rhodozyma was shown when a suitable ini-

tial pH (= 7.0) and relatively high buffer concentration (0.1M phosphate)
were employed. It became possible to achieve the yeast growth and cell
wall modification through a single step mixed culture operation because
pH control was achieved intrinsically. This procedure is an advance
over the two-step procedure of Johnson et al. (1978), which involved pre-
Viminary cultivation of Phaffia rhodozyma, followed by heat-inactivation
of the culture and pH adjustment before the inoculation of B. circulans.
Since the purpose of the heat treatment was to inhibit the growth of
the yeast and to inactivate extracellular enzymes possibly present, the
results of this study indicate that any enzymes present had negligible
effects on B. circulans, or that its presence was probably repressive
to the enzymes. It should be stressed that the mixed culture did not
appreciably reduce the overall fermentation time required to achieve
extractability of astaxanthin (approximately 65-72 hr) when compared
with approximately 62 hr in the method of Johnson et al. (1978). Simi-
larly, yields of astaxanthin in the mixed culture were generally lower
(approximately 1.2 u/ml) when compared with those of pure cultures (ap-
proximately 2.0 u/ml) of P. rhodozyma described by Johnson and Lewis
(1979). However, the single step mixed culture developed in this study
is less laborious and less destructive to the carotenoids than the two-
step method of Johnson et al. (1978). In addition, extractability of
astaxanthin from biomass produced in the mixed culture is an obvious
advantage over mono culture, since biological availability of the pig-
ment depends on modification of the yeast cell walls.

It was shown in this study that development of lytic activity and

extractability of astaxanthin were most pronounced when the glucose
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concentration in the mixed culture medium approached exhaustion (level
of residual glucose was approximately less than 1 mg/ml, Fig. 9a and
b). This is consistent with the inducible nature of the lytic enzyme
complex of Bacillus circulans WL~12 (Tanaka and Phaff, 1965). It was
particularly interesting that appreciable viability of P. rhodozyma was
retained during cell wall modification in presence of high lytic acti-
vity. This may indicate that B. circulans WL-12 has hydrolytic poten-
tial for living yeast; this capacity has not been hitherto demonstrated
for the organism. The use of the fed-batch strategy to maintain a low
level of glucose in order to circumvent catabolite repression and achieve
early induction of the lytic enzyme complex was not successful. This
may be explained, at least partially, by the method of glucose addi-
tion which involved periodic additions by pre-set schedules instead of
by continuous feeding. Webles and Blanch (1976) found that pulse-feed-

ing glucose to Saccharomyces cerevisiae caused a drop in cell yield and

an increase in ethanol production. Since astaxanthin formation in

Phaffia rhodozyma is growth-associated (Johnson and Lewis, 1979), it

can be deduced (Fig. 12) from rates of astaxanthin yields that slow
feeding of glucose retarded cell yields in this study (at least in ini-
tial stages of the mixed culture). Though ethanol formation was not
monitored, it probably also occurred, since P. rhodozyma is fermentative,
and may have affected lytic enzyme production. It must be emphasized,
however, that early induction of the lytic enzyme of B. circulans would
not be essential in an industrial-scale mixed culture designed to pro-
duce modified P. rhodozyma for use in feeds. The yeast requires for
optimum yield of cells and astaxanthin formation, a growth period of

40-48 hr. Extensive hydrolysis of the cell walls prior to this period
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would be undesirable, since (as would be discussed later), it would
predispose the yeast to autolysis.

[t was shown that with a suitable concentration (0.1M) of phos~
phate buffer, the initial pH influenced the outcome of the mixed cul-
ture through its (initial pH) effect on the final pH. The range of
initial pH determined suitable was 6.8 to 7.4. The corresponding range
of final pH was 6.25 to 6.83 (Table 4) and was in agreement with ear-
lier results determined satisfactory for yeast cell modification in
mixed culture held at 30°C after extrinsic {(manual) pH controls.

The temperature range 20-24°C was determined to be optimal for good
yield and extractability of astaxanthin in the mixed culture of Bacillus

circulans and Phaffia rhodozyma. The yeast is more tolerant than the

bacterium to low temperatures and its growth and pigmentation proceed
very well at the temperature range 15-24°C. Above 27°C, it does not
grow; this observation was previously made in pure culture by Johnson
and Lewis (1979). Though the bacterium has optimal growth above 27°C,
it seems to be less exacting in its temperature requirements, and its
growth enables the yeast to be modified at 20°C; however, at 15°C, the
viability of the bacterium is impaired with obvious consequences. In
general, mixed cultivation of the two organisms, appears to have no
influence on their individual growth temperature requirements. It is
noteworthy that, as temperature of the mixed culture is increased from
15°C to 30°C (with consequent improvement and decline in viable counts
of the bacillus and the yeast respectively, Table §), the final pH
drops; it was remarkably low at 30”C when only the bacillus grew. This
may indicate that Phaffia rhodozyma could either utilize some organic

acids produced by Bacillus circulans WL-12 or inhibit their formation
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in mixed culture.

The initial concentration of glucose and the inoculum size of the
bacterial component of the mixed culture were shown to have great influ-
ence on the extractability of astaxanthin produced by the yeast. The
concentration of glucose must not exceed 1-2%. Above this level {(up
to 5%), yields of cell mass and astaxanthin {u/m}} were considerably
increased (as reported by Johnson and Lewis, 1979, for the monoculture

of Phaffia rhodozyma), but lytic enzyme activity and extractability of

astaxanthin decreased substantially. The effects of the high Tevels

of sugar con the mixed culture can be explained in two possible ways:
First, high initial Tevels leave high residual Tevels after growth of

the organisms; for example when initial concentration of glucose was

5%, only three-fourths were utilized by 75 hours of mixed culture. Since
Iytic enzyme production is subject to catabolite repression, the effects
of high Tevels of residual sugar are self-evident. Secondly, the ad-
verse effects of high glucose concentrations on final pH of the mixed

culture (Fig. 11) suggested that the metabolism of Phaffia rhodozyma

was affected. It has been shown that in presence of high concentrations

(3~5%) of glucose, metabolism in Saccharomyces carlsbergensis is not

oxidative metabolism but aerobic fermentation (Rickard et al., 1971).
Such a shift in metabolism of P. rhodozyma probably occurred in its

mixed culture with Bacillus circulans WL-12 at high glucose levels and

adversely affected Tytic activity and yeast cell wall modification.

This study also showed that a high level of bacterial inoculum is
| required for early modification of the cell walls of P. rhodozyma in
the mixed culture. This is probably because the temprature range

(20-24°C} most suitable for the mixed cuiture is sub-optimal for growth
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and Tytic activity of Bacillus circulans WL-12. Consequently, low ino-

culum levels of the bacterium caused a prolonged lag before initiation
of growth. In contrast, high levels of the bacterium shortened or eli-
minated the lag phase of growth and ensured quicker development of lytic
activity. Thus, yeast cell wall modification was rapid and over 80%
extractability of astaxanthin was possible in only 48 hr of the mixed

culture fermentation. The actual level of Bacillus circulans needed

to accomplish this was approximately four times that of Phaffia rhodo-

zyma (on dry weight basis). The inoculum size of the bacillus (and
associated Tytic enzyme production), has further practical significance:
it determines the tendency of the yeast to autolyse and the mixed cul-
ture grown with high levels of the bacillus must be harvested within
50-60 hrs (Fig. 16) to minimize autolysis. Of considerable interest
is the reproducibility of these results in mixed cultures conducted in
5-Titer fermentors. Successful development in this study of the mixed
culture of B. circulans WL-12 and P. rhodozyma in the fermentors sug-
gests there is some potential for large-scale application.

Electron microscopy and cytochemical assessment of mixed culture
samples showed that events leading to extractability of astaxanthin
were probably more complex than hitherto envisaged. The electron mic-
rographs confirmed the role of B. circulans in yeast cell wall modifi-
cations: yeast cells in 48 hrs mixed culture samples which contained
relatively Tow levels of the bacillus, appeared unmodified and had simi-
lar appearance to those of 48 hr monoculture samples. Conversely, the
yeast cells in 72 hr mixed culture samples (in which cells of the bacil-

lus were abundant), were considerably modified and were different from

the corresponding monoculture samples. The gram reaction of the yeasts
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in 72 hr mixed culture samples was negative, an evidence of loss in cell
wall integrity (Bianchi, 1965). In addition, the yeasts exhibited con-
siderable signs of aging. Among them were marked positive reaction with
diazonium blue B (DBB) stain characteristic of basidiomycetous yeasts
(Tevayanond, 1981), relative absence of budding cells, morphological
changes, ranging from intracellular disorganization to total lysis and
release of cell ghosts and cellular debris into the medium. There is

further indication in this study that 72 hr cells of Phaffia rhodozyma

grown in pure culture have greater susceptibility to the lytic enzyme

complex of Bacillus circulans WL-12, than 47 hr cells (Fig. 22). It

can be concluded from all these results (mainly electron micrographs
and staining reactions) that, in the mixed culture of B. circulans and
P. rhodozyma, yeast modification leading to extractability of astaxan-
thin was a result of a complex interaction of yeast age and lytic en-
zyme activity of the bacillus. Mudgett et al. (1978) showed that pre-
treatment of leaves with hydrolytic enzymes (cellulase and cellulase-
pectinase mixture), enhanced protein recovery. Electron micrographs
revealed structural degradation of plant tissue and the effects of the
enzymes were attributed partially to accelerated senescence resulting
from degradation of structural polysaccharides responsible for rigidity
and mechanical strength of plant tissue. Knorr et al. (1979) utilized
lytic enzymes including zymolase to activate the endogenous proteolytic
enzymes and to effect total lysis of brewer's yeast (Saccharomyces
carlsbergensis). These reports support the contention in this study,
that the lytic enzymes of Bacillus circulans WL-12 probably accelerated
aging and autolysis of Phaffia rhodozyma in their mixed culture.

The ability of carbon sources (other than glucose)} to promote the
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desired outcome of the mixed culture of Bacillus circulans WL-12 and

Phaffia rhodozyma indicated the potential usefulness of cheaper sub-
strates which contain (or can be hydrolyzed) to yield the carbon com-
pounds utilizable by Phaffia rhodozyma. For example, molasses, a well-
known fermentation substrate could be useful since it contains primarily
sucrose which supported the mixed culture. Inulin, a g-fructoside, is
a potential substrate because the mixed culture was successful on fruc-
tose. The polymer (inulin) is produced in large quantities by Jeru-
salem artichoke (Helianthus tuberosus), and is currently under inten-
sive investigation for ethanol production by yeasts (Sachs et al., 1981).
Its hydrolysis by mild acid yields primarily fructose. Ability of yeasts
to ferment sucrose and g-fructosides are known to be genetically linked
(Fuente and Sols, 1962). In addition, inulinase-production by yeasts
have been described (Beluche et al., 1980). These facts put together
indicate that the mixed culture of B. circulans WL-12 and P. rhodozyma,
alone or in combination with an inulinase-producing yeast or other or-
ganism, may achieve the results of this study on inulin or its hydroly-
sate as the substrate. Hydrolysates of straw which contain primarily
arabinose, xylose, mannose and glucose (Han et al., 1976) may be useful
if the mixed culture can utilize the sugars in combination, and the re-
pressive effect of xylose can be minimized.

The relatively poor yields of astaxanthin when the mixed culture
was grown on cellobiose and in the control (pure culture of P. rhodozyma)
were unexpected since the sugar served as the best carbon source for
the monoculture of Phaffia rhodozyma (Johnson and Lewis, 1979). Since
Bacillus circulans WL-12 does not utilize the substrate (Tanaka and

Phaff, 1965), its growth was expected to depend on that of the yeast.
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The amount of lytic activity achieved appeared to be commensurate with
the poor growth of the yeast. It may be that the initial pH used in
this study (= 7.0) was not suitable for uptake of cellobiose by the
yeast. Another unexpected observation was that P. rhodozyma could not
grow when starch was used as the subStrate for the mixed culture. Since
B. circulans WL-12 is amylolytic, it was thought that the amylolytic
potential of the bacillus under the conditions employed for the mixed
culture could not furnish reducing sugars in amounts sufficient to allow
its growth and provide a surplus for P. rhodozyma.

Other interesting findings in this study concern the potential re-
usability of cell free culture fluid derived from the mixed culture of
B. circulans and P. rhodozyma. At least two methods of reuse were
found possible. In one of them, the culture fluid was found suitable
for cultivation of Phaffia rhodozyma after suitable fortification with
nutrients; resulting cell mass had modified cell walls and astaxanthin
was extractable. This system in which the yeast is modified during
growth in presence of the lytic system resembles one in which a unicel~
a lytic mixture of enzymes produce by Trichoderm viride. The produc-
tion of protoplasts improved the potential of the alga as a source of
single cell protein for animal feeding. In the second method, the cell-
free culture fluid was shown to enhance extractability of astaxanthin
when recycled twice on Phaffia cells grown in pure culture. In this
connection, it should be noted that cell free culture fluid derived from
growth of Bacillus circulans WL-12 on heat-killed Phaffia cells was simi-~
larly potent, but Johnson et al. (1978) concentrated the enzyme by ultra-

filtration, a step considered unnecessary in view of the results obtained
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in this study. The results have been used to propose a scheme for

enzymatic treatment of Phaffia rhodozyma. The scheme consists of

simultaneous cultivation of the yeast as a pure culture and in mixture

with Bacillus circulans WL-12, and use of the culture fluid derived from

the latter for treating cell mass derived from pure culture. It is
hoped that the scheme would enhance the potential of the mixed culture
for commercial application if it (the scheme) proves to be economically

and practically feasible on a large scale.

EFFECT OF AUTOLYSIS ON EXTRACTABILITY OF ASTAXANTHIN

FROM PHAFFIA RHODOZYMA

Autolysis of yeast is a phenomenon in which the organism is modi-
fied by its endogenous enzymes. In the last section of this discus-

sion, the phenomenon was shown to be accelerated in Phaffia rhodozyma

by the lytic activity of Bacillus circulans WL-12 induced in mixed cul-

ture. Since yeast autolysis can be induced artificially by exposure
of cells to suitable environmental conditions and by suitable treat-
ments, it was examined as a potential tool for liberation of the caro-
tenoids of P. rhodozyma.

It was interesting to find that astaxanthin was extractable from
P. rhodozyma autolysed in various systems at 37°C (Table 9). The var-
ijous degrees of extractability of pigment achieved in different auto~
lysing systems were expected, since medium of incubation is known to
influence yeast autolysis (Joslyn and Yosti, 1955). Though toluene
appeared to facilitate the phenomenon its use in treating P. rhodozyma

for use as a feed supplement would be undesirable. The total inhibition,



by sodium chloride, of the autolytic system of Phaffia rhodozyma, was
unexpected since Kihlberg (1972) stated that up to 25% solution of salt
is added to yeast to accelerate autolysis in commercial yeast extract
manufacture. Sugimoto (1974) showed that up to 10% NaCl was inhibi-
tory to some proteinases in the autolytic system of baker’s yeast, but
the salt had a synergistic effect with ethanol and was useful in pre-
paration of yeast extracts. The ability of distilled water and of 0.02M
citrate buffer pH 7.0 to facilitate extractability of astaxanthin from
P. rhodozyma may enhance the industrial potential of the yeast. Though
the pungent odor of dithiothreitol would preclude its use in commercial
treatment of P. rhodozyma, its ability to enhance the autolytic effect
of citrate buffer might be due to some reduction in disulfide bridges
in the proteins of the cell wall. The effect of the thiol on extract-
ability of astaxanthin would be analogous to well-documented effects

on extractability of protein from yeast (Shetty and Kinsella, 1978) and
in spheroplast formation from yeast (Sommer and Lewis, 1971).

Different strains of Phaffia rhodozyma were shown to vary in their
susceptibility to autolysis under similar conditions. This is consis-
tent with published studies (Joslyn and Vosti, 1955), The strains also
showed some variations in their susceptibility to the lytic enzyme com-

plex of Bacillus circulans WL~12; this was probably caused by strain

differences in cell wall composition. However, when susceptibilities

to autolysis and to the lytic enzyme were compared, the yeast strains
examined appeared to react in approximately the same way to each method
of treatment (Table 10). This may indicate that lytic activity and auto-
lysis have some features in commen; it has been shown earlier in this

discussion (electron micrographs) that the ultimate effect of lytic
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activity appeared to be the induction of yeast autolysis. It appears
from this study that autolysis (in absence of lytic enzyme) may ulti-
mately involve some cell wall modifications. In general, autolysis may
prove to be a cheap, commercially feasible method of processing Phaffia
rhodozyma for inclusion into animal feed as a source of astaxanthin.

Use of distilled water seems to be particularly attractive, and, as ob-
served in this study, at least one strain of P. rhodozyma, namely 67~
484, can release all its pigment after only 26 hr autolysis in distilled
water at 37°C.

Besides manufacture of yeast extracts, there seems to be very few
commercial processes which utilize yeast autolysis as a routine proce-
dure. Its potential promise in the area of single cell (yeast) protein
processing seems to be widely recognized. For example, it (autolysis)
has been proposed as a possible method of rupturing cells grown on hy-
drocarbons in order to facilitate extraction of residual hydrocarbons
from protein (Tannenbaum, 1968). In addition, autolytic procedures have
been used for reducing nucleic acid content of yeast (Trevelyan, 1976).

The present study has shown that autolysis of Phaffia rhodozyma can

enhance extractability (and presumably biological availability) of as-
taxanthin. Further work is required on the effects of commercially
feasible conditions of culture on the susceptibility of the yeast to

autolysis,

GROWTH OF PHAFFIA RHODOZYMA ON ALFALFA RESIDUAL JUICE

Phaffia rhodozyma cannot be put to commercial use as a pigment ad-

ditive in salmonid and poultry diets unless it can grow and synthesize



astaxanthin on cheap substrates. One objective of this study was to
examine some waste products as potential substrates for growth and pig-
mentation of the yeast. Many waste products of food processing indus-
tries have been used as fermentation substrates for biomass production
(for a review, see Cousin, 1980). The primary focus in this study is
alfalfa residual juice (ARJ) or alfalfa solubles. This is a waste pro-
duct derived from a process which extracts leaf protein from alfalfa.
For comparison to ARJ, molasses and brewer's malt wort have also been
tested as substrates for growth and astaxanthin formation by Phaffia
rhodozyma.

Unsupplemented ARJ supported high yields of cell mass of Phaffia
rhodozyma; other workers had made similar observations with other yeasts
(Parades-Lopez and Camargo, 1973; Mudgett et al., 1980). VYeast cell
mass produced in ARJ showed greater susceptibility to autolysis after
maximal growth than that grown as a control in a peptone-yeast extract-
salts medium (semi-synthetic medium, SSM). Hough and Maddox (1970)

stated that protein in the growth medium predisposes yeast to autolysis;

ARJ is expected (from its history) to contain more proteinaceous material

than the SSM. The effect of glucose supplementation in increasing yields

of cell mass of Phaffia rhodozyma in ARJ (Fig. 24) is to be expected

from the results of Johnson and Lewis (1979). These workers showed that
the higher the glucose concentration, the higher the biomass production

(mg/mi) in a semi-synthetic medium. The present study also showed that

glucose supplementation minimized autolysis of the yeast in ARJ. Since

release of proteolytic enzymes is thought to be the first step in yeast

autolysis (Hough and Maddox, 1970), the adverse effect of glucose on

the phenomenon may be due to its repressive effect on the enzymes. The
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two effects of supplementary glucose (namely, enhancement of cell yield
and repression of autolysis) could be useful if Phaffia rhodozyma is
intended for use as a source of protein. However, further work would
be required on the effects of the additions of glucose on its nutri-
tive quality, for example, its amino acid balance.

Unfortunately, ARJ was found to be unsuitable for astaxanthin for-

mation. Enrichment of the medium with glucose and other nutrients failed

to promote pigmentation. The inhibition of astaxanthin formation, ap-
parently, was not due to deficiency of some essential nutrients in the
original juice, because addition of SSM failed to support pigmentation.
Some inhibitors of astaxanthin formation are possibly present in the

juice. Different strains of Phaffia rhodozyma were shown to be suscep-

tible to the inhibition; all of them probably synthesize the pigment
through the same mechanism which was adversely affected by ARJ. When
different levels of ARJ were incorporated into a standard medium known
to support good yields of astaxanthin, concentrations of the ARJ greater
than 1.25% v/v were clearly inhibitory to astaxanthin formation. Above
3.7% v/v there was total inhibition of pigmentation (Fig. 25) but chro-
mogenic components in the juice were adsorbed on the surfaces of the
yeast cells and showed as artifacts in astaxanthin assays. That the
chromogens showed greater affinity for Phaffia rhodozyma than for Sac~
charomyces cerevisiae 71-141, a known white yeast, indicates that there
may be differences in the chemical components of the surfaces of the

cells of the two yeasts. It is well known that Phaffia rhodozyma con-

tains capsular material (Miller et al., 1976).
The inhibition of astaxanthin formation by ARJ can only be expl-

ained in terms of the activity of specific components of the medium.
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Saponin comprises a class af biologically active compounds which has
been described in fractions {including ARJ) derived from leaf-protein
extraction from alfalfa plant (Livingston et al., 1979). Its possible
role as an inhibitor of astaxanthin formetion was demonstrated in this
study. Surprisingly, it was also found to inhibit growth of Phaffia
rhodozyma, contrary to the effect observed with the ARJ. The discre-
pancy may be caused by the commercial grade saponin, which apparently,
was more potent on the yeast, than the ARJ. The greater sensitivity
to the saponin, of astaxanthin formation in comparison with cell mass
production (Fig. 27), and the stimulatory effect of low concentrations
{up to 0.25%) of saponin on cell mass production but not on astaxanthin
formation, indicated that the two parameters could be affected inde-
pendently. It seems 1ikely that the saponins in ARJ inhibited asta-
xanthin formation while the inhibition of cell mass production was some-
what attenuated or abolished by other components present in the complex
medium {(ARJ}.

A great deal of information is available on the adverse effects
of saponins (derived from alfalfa and other plants) on various groups
of liying organisms (for a review, see Birk, 1969). Among the recorded
effects on higher plants and animals are depression of growth in poultiry
and other animals, toxicity to fish and amphibia, hemolysis of red blood
cells, and inhibition of seed germination. Fungistatic activity of sa-
ponins is also documented. For example, lucerne saponins inhibit

Sclerotium rolfsii (Gestetner et al., 1971), and activity of alfalfa

saponin on Trichoderma viride has been recognized and used as a basis

for a microbiclogical assay {Livingston et al., 1977). Information

seems te be lacking on the effects of saponins on yeasts. Thus, the
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activity of the compounds on Phaffia rhodozyma reported herein is impor-
tant because of the specific deleterious effect on carotenoid biosyn-
thesis, and on yeasts generally.

Many activities of saponins have been attributed to their surface-
active properties. The mechanisms involved in the inhibition of growth
and astaxanthin formation in Phaffia rhodozyma are not clear, but the
ability of sterols {cholesterol and ergosterol) and unsaturated fatty
acids (oleic and linoleic acids) to reverse some of the effects (Table
14} could be used to speculate on some probable modes of action. It
is known that high levels of sterols and unsaturated fatty acids are
characteristic of aerobically grown yeast, and that oxygen deficiency
may lead to their requirement for growth (Andreasen and Stier, 1953,
1954). Oleic and linoleic acids are the predominant fatty acids in
required for astaxanthin formation (Johnson and Lewis, 1979). It is
probable that relatively high levels of saponins may limit oxygen up-
take from the medium and impair with growth and astaxanthin formation

in Phaffia rhodozyma. The unsaturated fatty acids, apparently, were

required mainly for growth, since they could not remarkably reverse the
inhibition on astaxanthin formation. A second possible mode of action
is that the saponins could interfere with the integrity and biological
activity of the lipid-rich plasma membrane with which it would easily
come in contact in the yeast cell; permeability of that membrane might
probably be affected adversely. It is recognized that unsaturated fatty
acids and sterols influence the stability and biolegical activity of
yeast lipids and membranes (Rattray et al., 1975). Further, since caro-

tenoids in some fungi are associated with lipid globules and membranes



(Mitzka-Schnabel and Rau, 1980), any disturbance of these structures
would adversely affect biosynthesis of the pigments. Though these

speculations on the effects of saponins on Phaffia rhodozyma remain to

be tested, it is noteworthy that other workers have interpreted the ef-
fects of saponins on other membranes in terms of permeability (Bangham
and Horne, 1962).

In contrast to the observations made with ARJ, brewer's malt wort
and molasses were suitable substrates for growth and pigmentation of

Phaffia rhodozyma. Use of brewer's malt wort to boost astaxanthin pro-

duction was reported by Johnson and Lewis {1979). Though satisfactory
results were achieved when the two substrates were combined in equal
proportions, their potential usefulness for large-scale production of

Phaffia rhodozyma would depend on economic considerations.
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VI. SUGGESTIONS FOR FURTHER STUDY

Continuous fermentation is suggested for further development of
the mixed culture of Bacillus circulans WL-12 and Phaffia rhodozyma.

It was conceived earlier in this study but batch culture was thought to
be an essential prerequisite. some of the conditions which have been
determined suitable for the batch culture, €.9. temperature (20-24°C),
pH (6.2-6.8), and relatively high initial levels of the bacillus, can

be directly applied to continuous culture. However, since dilution rate
is critical in continuous systems, its effects on steady state levels

of the yeast and the bacillus, and on their products (astaxanthin and
lytic enzyme respectively), would require extensive investigation.

Some problems might possibly Timit efficiency in the proposed con-
tinuous culture. For example, phaffia rhodozyma may produce limited
levels of astaxanthin when maintained in steady state for prolonged
periods of time, and susceptibility of such yeast cells to steady state
levels of lytic enzyme 1is not known. A constant 1imiting level of the
carbon source would be present to maintain productivity of the organ-
isms, but it may repress Or derepress lytic activity of the bacillus.
If repression 0CCUrs, other carbon sources, €.9. sucrose, fructose, mal-
tose and arabinose, which were determined as possible substitutes for
glucose, may have to be tested in the continuous culture. On the other
hand, derepression of lytic activity might enhance autolysis of the

yeast. Despite these apparent problems, continuous culture seems to

be a logical step for further evaluation.
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VII. SUMMARY

circulans WL-12, has been developed and utilized to produce a biomass

containing extractable astaxanthin. This resulted from induction of

the lytic enzyme complex of the bacillus and modification of the yeast

cell walls. The mixed culture was feasible in shake flasks and in 5-

liter fermentors and was thought to have some potential for large-

scale production of modified Phaffia rhodozyma for application to
animal feeds as a source of astaxanthin.

The outcome of the mixed culture depended on environmental
conditions.

L I 4 Control of pH is critical to circumvent possible inhibition
of the bacillus by the yeast and to insure development of high
levels of lytic activity. Suitable range of pH is 6.2 to 6.8 and
could be maintained in the mixed culture by periodic neutraliza-
tion of medium acidity with alkali or by use of suitable buffer
concentration and initial pH.

1.2 A temperature range of 20-24°C must be maintained for optimal
development of the mixed culture. Below this range (up to 15°C),

Phaffia rhodozyma grows well without cell wall modification be-

cause the condition does not favor good growth of the bacillus.
Above the range the yeast grows poorly and is totally inhibited
above 27°C.

1i:3s Initial concentration of glucese employed for the mixed culture
must be sufficiently low to be exhausted or reduced to a negligi-

ble level during the period of active growth of the organisms.
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1.5.

1.6,

This would suppress catabolite repression of the lytic enzyme sys-
tem which would inhibit yeast cell wall modification at high resi-
dual levels of glucose. It might also minimize fermentative meta-
bolism of the yeast which tends to increase medium acidity and
inhibit the bacillus. A suitable range of glucose concentration
for the mixed culture is 1.0-2.0%.

Slow-feeding of glucose by preset schedules increases the
ultimate level of lytic activity attainable in the mixed culture
but does not necessarily accelerate extractability of astaxanthin.
[t appears to reduce yields of astaxanthin and is not recommended
for the mixed culture.

The inoculum of Bacillus circulans is of tremendous impor-

tance. It is essential to use a relatively high level {up to 3

or 4 times the size of Phaffia rhodozyma on dry weight basis) to

shorten the Tag phase of bacterial growth and thence accelerate
lytic enzyme production and modification of the yeast cell walls.
Since high levels of the bacterium also predispose the yeast to
autolysis, the mixed culture must be harvested within 50-60 hr of

the fermentation.

Carbon sources (other than glucose) such as fructose, maltose,

sucrose, and to a lesser extent mannitol (all at equivalent con-
centrations) could be used for the mixed culture of Bacillus cir-
culans and Phaffia rhodozyma. This indicates that cheaper, com-
plex substrates such as molasses, inulin, grass straw, which con-
tain those sugars or can be hydrolyzed to yield them, would pro-

bably support the mixed culture. Starch did not support growth

of Phaffia rhodozyma even though Bacillus circulans WL-12 is
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amylolytic and was expected to furnish reducing sugars for

growth of the yeast.

Structural changes in Phaffia rhodozyma during its digestion

in mixed culture, were followed by electron microscopy and cyto-
chemical methods and related to extractability of astaxanthin. In
addition to relatively high lytic activity and high proportions

of extractable astaxanthin in 72 hr samples, the yeast cells
showed considerable signs of aging which ranged from intracellular
disorganization to total lysis. They were also gram positive and
showed marked positive response to diazonium blue B (DBB) dye when
compared with 48 hr samples. Since other tests showed that 72 hr
Phaffia cells grown in pure culture were more susceptible to the

lytic enzyme of Bacillus circulans WL-12 than 48 hr cells, it is

concluded that extractability of astaxanthin from the mixed cul-
ture probably depended on lytic activity and yeast age; the former
probably accelerated the latter in the mixed culture.

Cell-free culture fluid derived from the mixed culture of

Bacillus circulans WL-12 and Phaffia rhodozyma is a reusable re-

source because it is laden with lytic enzymes. It could be recy-
cled on unmodified Phaffia cells produced in pure culture; two re-
cycles are possible without appreciable decrease in lytic enzyme
potency. Alternatively, the lytic fluid can be refortified with
nutrients and reused for cultivation of the yeast which becomes
modified during growth., Fortifications with ammonium phosphate
plus peptone, each 0.5% or with urea, peptone, each 0.5% plus
potassium phosphate (monobasic; 0.4%), produced good yields of cell

mass containing high yields of extractable astaxanthin. A
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potentially feasible scheme which integrates mixed culture (with

Bacillus circulans WL-12) and pure culture of Phaffia rhodozyma
is presented to exploit the reusability of cell-free culture
fluid derived from the mixed culture.

Autolysis of Phaffia rhodozyma under artificial conditions

could be used to render astaxanthin of the yeast extractable.
Distilled water, with or without 2% toluene, and 0.02M citrate buf-
fer pH 7.0, with or without 0.0IM dithiothreitol (DTT) were effi-
cient autolysing systems at 37°C. Sodium chloride (15% v/v) was
inhibitory to the autolytic system, while Tris and phosphate
buffers, {at 0.1M and pH 8.0 and 7.0 respectively) were relatively
inefficient even for up to three days incubation. Six strains of
Phaffia (67-202, 67-203, 67-210, 67-385, 67-484, 67-653C) were
susceptibie in roughly the same order to autolysis and to extra-
cellular Tytic enzyme digestion. Complete extraction of astaxan-
thin was achieved with 67-484 after only 26 hr autolysis in dis-
tilled water. It is suggested that autolysis could become a cheap

procedure for treatment of Phaffia rhodozyma to enhance extract-

ability (and presumably bio-availability) of its carotenoids.
Alfalfa residual juice (ARJ) derived from mechanical extrac-
tion of alfalfa leaf protein and diluted ten-fold to contain ap-

proximately 2% sugar, was a suitable substrate for production of

high yields of cell mass of Phaffia rhodozyma. When the medium
was supplemented with up to 2.0% glucose, biomass production was
improved and autolysis of the yeast minimized. The juice is poten-
tially useful for growth of Phaffia rhodozyma as a source of single

cell protein.
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ARJ inhibited astaxanthin formation in Phaffia rhodozyma.

Supplementary nutrients (glucose, KH2P04, yeast extract, peptone
each 0.5%; M9504-7H20, 0.02%) added separately or in combination,
did not reverse the inhibition, and none of six strains of the
yeast tested (67-202, 67~203, 67-210, 67-385, 67-484 and 67-653C)
was resistant to the inhibition. When various levels (0-12.5%
v/v) of the juice were added to a standard medium (SM) known to
promote good yields of cell mass and astaxanthin, the former
increased with concentrations of the juice, but the latter (asta-
xanthin) declinedand was totally inhibited above 3.7%.

The cell surface of Phaffia rhodozyma could adsorb chromogens

from ARJ; these showed as artifacts in estimations of astaxanthin.
The amount of pigment adsorbed varied with the concentration of
juice added to the SM. However a characteristic absorption peak
(in acetone) is maintained at approximately 390 nm, with or without
acid treatment of cell pellets, and indicates that the chromogens
were not typical colored carotenoids. In contrast, pigment from
the yeast grown in the SM which contained no ARJ was releasable
only after acid treatment of cell pellet, and its absorption spec-
trum was typical of colored carotenoids (with a peak at approxi-
mately 450 nm).

Saponins have been determined to inhibit growth and pigmen-
tation of Phaffia rhodozyma. Astaxanthin formation appears to be
more adversely affected than cell mass production; 0.075% saponin
totally inhibited the former, while even 0.5% did not completely
inhibit cell mass production. It is suggested that saponins pos-

sibly present in ARJ, were the inhibitors of astaxanthin formation
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in Phaffia rhodozyma. It is probable that other components of the

juice neutralized or reduced the inhibitory effect of the saponins
on cell growth.

Unsaturated fatty acids (oleic and linoleic acids) and sterols
(cholesterol and ergosterol) could reverse some inhibitory effects

of the saponins on Phaffia rhodozyma. Since the agents (the fatty

acids and the sterols) probably enriched the yeast 1ipids and mem-
branes, it is thought that the saponins probably induced some al-
terations in the integrity and possibly permeability of the plasma

membrane of the yeast.

Brewer's malt wort and molasses were suitable substrates for

growth and pigmentation of Phaffia rhodozyma. Some nutrients, for

example 0.25% each of ammonium sulfate, peptone, ammonium phosphate,
when added to the molasses improved cell mass but depressed asta-
xanthin yield. Glucose (0.25-1.0%) appeared to have an opposite
effect. In general, molasses should not be supplemented with fur-

ther nutrients if used for growth of Phaffia rhodozyma.



204

VIII. BIBLIOGRAPHY

Achremowicz, B., Kosikowski, F.V. and Masuyama, K. 1977. Mixed cul-
tures of different yeast species and yeasts with filamentous fungi
in the SCP production. 1. Production of single cell protein by
mixed cultures of Candida lipolytica and Candida tropicalis. Acta
Microbiological Polanica 26:265-271.

Acraman, A.R. 1966. Processing brewers yeast. Process Biochemistry
1:313-317.

Ahearn, D.G. 1978. Medically important yeasts. Annual Review of
Microbiology 32:59-68.

Akiyama, S., Suzuki, T., Sumino, Y., Nakao, Y. and Fukuda, H. 1972.
In Fermentation Technology Today, Proceedings of the IVth Inter-
national Fermentation Symposium, Kyoto, Japan, pp. 613-617.
Edited by G. Terui, Osaka: Society of Fermentation Technology.

Anderson, F.B. and Millbank, J.W. 1966. Protoplast formation and yeast
cell wall structure: the action of the enzymes of the snail, Helix
pomatia. Biochemical Journal 99:682-687.

Andreasen, A.A. and Stier, T.J.B. 1953. Anaerobic nutrition of Sac-
charomyces cerevisiae. 1. Ergosterol requirement for growth in
a defined medium. Journal of Cellular and Comparative Physiclogy
41:23-36.

Andreasen, A.A. and Stier, T.J.B. 1954. Anaerobic nutrition of Sac-
charomyces cerevisiae. II. Unsaturated fatty acid requirement
for growth in a aefined medium. Journal of cEllular and Comparative
Physiology 43:271-281.

Andrewes, A.G., Phaff, H.J. and Starr, M.P. 1976. Carotenoids of
Phaffia rhodozyma, a red pigmented fermenting yeast. Phytochemis-
try 15:1003-1007.

Anon. 1974. New torula yeast has synergistic effect. Food Processing
(Chicago) 35:29-31.

Anon. 1979. Microbial Processes: Promising Technologies for Devel-
oping Countries, pp. 37-41. National Academy of Sciences, Wash-
ington, 0.C.

Audrey, M.G. 1961. The fixation, embedding and staining of biological
specimens. In Technigues for Electron Microscopy, pp. 172-173.
Edited by D. Kay. Oxford: Blackwell Scientific Publications.

Aunstrup, K. 1977. Enzymes of industrial interest: traditional
products. In Annual Reports on Fermentation Processes, Vol. 1,
pp. 181-204. Edited by D. Perlman. london: Academic Press.




205

Bacon, J.5.0., Jones, D., Farmer, V.C. and Webley, D.M. 1968. The
occurrence of w~(1-3)-glucan in Cryptococcus, Schizosaccharomyces
and Polyporus species, and its hydrolysis by a stretomyces cul-
ture ?1itrate lysing cell walls of Cryptococcus. Biochimica et
biophysica acta 158:313-315.

Ballou, C. 1976. Structure and biosynthesis of the mannan component
of the yeast cell envelope. In Advances in Microbial Physioclogy,
Vol. 14, pp. 93-158. Edited by A.H. Rose and D.W. Tempest. tLondon:
Academic Press.

Ban, S., Glanser-Solijan, M. and Smaillagic, M. 1979. Rapid biodegra-
dation of calcium lignosulfonate by means of a mixed culture of
microorganisms. Biotechnology and Bioengineering 21:1917-1928.

Bangham, A.D. and Horne, R.W. 1962. Action of saponin on biological
cell membranes. Nature 196:952-953.

Bartnicki-Garcia, S. 1968. Cell wall chemistry, morphogenesis and
taxonomy of fungi. Annual Review of Microbiology 22:87-108.

Beluche, 1., Guirand, J.P. and Galzy, P. 1980. Inulinase activity of
Debaryomyces cantarelli. Folia Microbiologia 25:32-39.

Beuchat, L.R. 1978. Food and Beverage Mycology. Westport, Conneticut:
AVI Publishing Co. Inc.

Bianchi, D.E. 1965. Differential staining of yeast for purified cell
walls, broken cells, and whole cells. Stain Technology 40:79-82.

Birk, Y. 1969. Saponins. In Toxic Constituents of Plant Foodstuffs,
pp. 169-210. Edited by Liener, E.I. New York: Academic Press.

Birk, Y., Bondi, A., Gestetner, B. and lshaaya, I. 1963. A thermo-
stable haemolytic factor in soybeans. Nature 197:1089-1090.

Boing, J.T.P. 1982. Enzyme production. In Prescott and Dunn's Indus-
trial Microbiology, 4th edition, pp. ©34-708. Edited by G. Reed.
Westport, Conneticut: AVI Publishing Co. Inc.

Braude, R. 1942. Dried yeast as fodder for livestock. Journal of the
Institute of Brewing 48:206-212.

Bressani, R. 1968. The use of yeast in human foods. In Single Cell
Protein, pp. 90-121. Edited by R.I., Mateles and S.R. Tannenbaum.
Cambridge, Massachusetts: The M.I1.T. Press.

Broquist, H.P., Stiffey, A.V. and Albrecht, A.M. 1961. Biosynthesis
of lysine from a-ketoadipic acid and a~-aminoadipic acid in yeast.
Applied Microbiology 9:1-5.

Bujak, S. 1961. Preliminary studies on carotene synthesis by different



206

strains of Rhodotorula. Acta Microbiologica Polonica 10:403-408.

Bull, A.T. 1981. Strategies in microbial process optimization. In
Global Impacts of Applied Microbiology, 6th International Confer-
ence, pp. 623-645. Edited by S.0. Emejuaiwe, 0. Ogunbi and
S.0. Sanni. London: Academic Press.

Bunker, H.J. 1968. Sources of single cell protein: perspective and
prospect. In Single Cell Protein, pp. 67-71. Edited by R.I.
Mateles and S.R. Tannenbaum. Cambridge, Massachusetts: The M.I.T,
Press.

Bush, D.A., Horisberger, M., Horman, I. and Wursch, P. 1974. The wall
structure of Schizosaccharomyces pombe. Journal of General Micro-
biology 81:199-206.

Cabib, E. and Bowers, B. 1971. Chitin and yeast budding. Localiza~
tion of chitin in yeast bud scars. Journal of Biological Chemistry
246:152-159.

Campbell, I. 1968. Serological identification scheme for the genus
Saccharomyces. Journal of Applied Bacteriology 31:515-524.

Campbell, I. and Gilmour, R.H. 1969. Serological specificity of yeast
mannan, Journal of General Microbiology 59:193-201.

Chattaway, F.W. and Holmes, M.R. 1968. Cell wall composition of the
mycelial and blastospore forms of Candida albicans. Journal of
General Microbiology 51:367-376.

Cheowtirakul, C. 1981. A study of methionine overproduction in Sac-

charomyces cerevisiae. Ph.D. thesis, University of California,
Davis.

Ciegler, A, 1965. Microbial carotenogenesis. Advances in Applied
Microbiology 7:1-34.

Cochrane, A.L. 1961. Invertase: Its manufacture and uses. Society
for Chemical Industry (London) Monograph 11:25-31.

Cousin, M.A. 1980. Converting food processing wastes into food or
feed through microbial fermentation. In Annual Reports on Fermen-
tation Processes, Vol. 4, pp. 31-65. Edited by G.T. Tsao. HNew
York: Academic Press.

Davies, B.H. 1976. Carotenoids. In Chemistry and Biochemistry of
Plant Pigments, Vol. 2, pp. 38~165. Edited by T.W. Goodwin. New
York: Academic Press.

Day, A.W., Poon, N.H. and Stewart, G.G. 1975. Fungal fimbriae. III.
The effect on flocculation in Saccharomyces. Canadian Journal of
Microbiology 21:558-564.



207

pulaney, E.L., Stapley, E.O. and Simpf, K. 1954. Studies on ergosterol
production by yeasts. Applied Microbiology 2:371-379.

Dyke, K.G.H. 1964. The chemical composition of the cell wall of
Nadsonia elongata. Biochimica et biophysica acta 82:374-384.

Edozien, J.C., Udo, U.U., Young, V.R. and Scrimshaw, N.S. 1970. Effect
of high levels of yeast feeding on uric acid metabolism of young
men. Nature 228:180.

Fleet, G.H. and Manners, D.J. 1976. Isolation and composition of an
alkali-soluble glucan from the cell walls of Saccharomyces
cervisiae. Journal of General Microbiology 94:180-192.

Fleet, G.H. and Manners, p.J. 1977. The enzymic degradation of an
alkali-soluble glucan from the cell walls of Saccharomyces
cerevisiae. Journal of General Microbiology 98:315-327.

Fleet, G.H. and Phaff, H.o. 1974. Lysis of yeast cell walls: glucan-
ases from Bacillus circulans WL-12. Journal of Bacteriology 119:
207-219.

Follows, M., Heterington, J.S., Dunnill, P. and Lilly, M.D. 1971.
Release of enzymes from baker's yeast by disruption in an indus-
trial homogenizer. Biotechnilogy and Bicengineering 13:549-560.

Fuente, G. De La and Sols, A. 1962. Transport of sugars in yeasts.
11. Mechanisms of utilization of disaccharides and related glyco-
sides. Biochimica et biophysica acta 56:49-62.

Gadebusch, H.H. 1960. Specific degradation of Cryptococcus neoformans

3723 capsular polysaccharide by a microbial enzyme. II. Biologi-

cal activity of the enzyme. Journal of Infectious Diseases 107:
402-405.

Gale, E.F., Johnson, A.M., Kerridge, D. and Koh, T.Y. 1975. Factors

affecting the changes in amphotericin sensitivity of Candida

albicans during growth. Journal of General Microbiology 87:20-
36.

Gentles, J.C. and La Touche, C.J. 1969. Yeasts as human and animal
pathogens. In The Yeasts, Vol. 1, pp. 107-182. Edited by A.H.
Rose and J.S. Harrison. London: Academic Press.

Gestetner, B., Assa, Y., Henis, Y., Birk, Y. and Bondi, A. 1971.
Lucerne Saponins. IV. Relationship between their chemical con-
ctitution, and haemolytic and antifungal activities. Journal of

the Science of Food and Agriculture 22:168-172.

Guy, E.J., Tamsma, A., Kontson, A.and Holsinger, V.H. 1974. Lactase-

treated milk provides base to develop products for lactose-intol-

erant populations. Food Product Development 8, No. 8:50, 54, 56,
58, 60, 74.



Haas, C.N., Bungay, H.R. and Bungay, M.L. 1980. Practical mixed cul-
ture processes. In Annual Reports on Fermentation Processes,
Vol. 4, pp. 1-29. Edited by G.T. Tsac. New York: Academic Press.

Hagler, A.N. and Ahearn, D.G. 1981. Rapid Diazonium Blue B test to
detect basidiomycetous yeasts. International Journal of Syste-
matic Bacteriology 31:204-208.

Hammond, S.M. and Kliger, B.N. 1974. Studies on the role of the cell
wall of Candida albicans in the mode of action of polyene anti-
biotics. Proceedings of the Society for General Microbiology
1:45,

Han, Y. W., Cheeke, P.R., Anderson, A.W. and Lekprayoon, C. 1976.
Growth of Aureobasidium pullulans on straw hydrolysate. Applied
and Environmental Microbiology 32:759-802.

Hang, Y.D., Splittstoesser, D.F. and Landschoot, R.L. 1973. Produc-
tion of yeast invertase from sauerkraut waste. Applied Microbio-
logy 25:501-502.

Harada, Y., Ono, J. and Nagasawa, T. 1972. A fragile mutant of hydro-
carbon-assimilating yeast lacking cell wall integrity. In Fermen-
tation Technology Today, Proceedings of the IVth International
Fermentation Symposium, Kyoto, Japan. pp. 479-485. Edited by
G. Terui. Osaka: Society of Fermentation Technology.

Harrison, J.S. and Rose, A.H. 1970. Introduction, In The Yeasts,
Vol. 3, pp. 1-4. Edited by A.H. Rose and J.S. Harrison. London:
Academic Press.

Hector, R,F. 1980. An ultrastructural study of the cell walils of
Coccidioides immitis. Ph.D. thesis, University of California,
Davis.

Hedenskog, G. and Mogren, H. 1973. Some methods for processing single
cell protein. Biotechnology and Bioengineering 15:129-142.

Hedenskog, G., Mogren, H., Enebo, L. 1970. A new method for obtaining
protein concentrates from microorganisms. Biotechnology and Bio-
engineering 12:947-959.

Hough, J.S. and Maddox, I.S. 1970. Yeast autolysis. Process Biochem-
istry 5:50-52.

Ikeno, Y., Masuda, M., Tanno, K., Oomori, 1. and Takahashi, N. 1975.
Citric acid production from various raw materials by yeasts.
Journal of Fermentation Technology 53:752-756.

Islam, M.F. and Lampen, J.0. 1962. Invertase secretion and sucrose
fermentation by Saccharomyces cerevisiae protoplasts. Biochimica
et biophysica acta 58:294-302.

208



209

Jarl, K. 1969. Symba yeast process. Food Technology 23:23-26.

Jensen, A.L. and Shu, P. 1961. Production of lysine-rich yeast.
Applied Microbiology 9:12-15.

Johnson, E.A., Conklin, D.E. and Lewis, M.J. 1977. The yeast Phaffia

rhodozyma as a dietary pigment source for salmonids and crusta-
ceans. Journal of the Fisheries Research Board of Canada 34:2417-

2421.

Johnson, E£.A. and Lewis, M.J. 1879. Astaxanthin formation by the yeast
Phaffia rhodozyma. Journal of General Microbiology 115:173-183.

Johnson, E.A., Lewis, M.J. and Grau, C.R. 1980. Pigmentation of egg-
yolks with astaxanthin from the yeast Phaffia rhodozyma. Poultry
Science 59:1777-1782.

Johnson, E.A., Villa, T.G. and Lewis, M.J. 1980. Phaffia rhodozyma
as an astaxanthin source in salmonid diets. Aquaculture 20:123-
134.

Johnson, E.A., Villa, T.G., Lewis, M.J. and Phaff, H.I. 1978. Simple
method for the isolation of astaxanthin from the basidiomycetous
yeast Phaffia rhodozyma. Applied and Environmental Microbiology
35:1155-1159.

Johnson, E.A., Villa, T.G., Lewis, M.J. and Phaff, H.J. 1979. Lysis
of the cell wall of the yeast Phaffia rhodozyma by a lytic enzyme
complex from Bacillus circulans WL-12. Journal of Applied Biochem-
istry 1:273-282.

Johnson, J.C. 18977. Yeast for food and other purposes. Noyes Data
Corporation; Park Ridge, N.J.

Jones, D., Bacon, J.S5.D., Farmer, V.C. and Webley, D.M. 1969. A study
of the microbial lysis of the cell walls of soil yeasts (Crypto-
coccus spp.) Soil Biology and Biochemistry 1:145-151.

Joslyn, M.A. and Vosti, D.C. 1955. Yeast autolysis. I. Factors in-
fluencing the rate and extent of autolysis. Wallerstein Labora-
tories Communications 18:191-201.

Kamel, 8.S. 1979. Utilization of date carbohydrate as substrate in
microbial fermentation. Process Biochemistry 14:12, 14.

Kanetsuna, F., Carbonell, L.M., Moreno, R.1. and Rodriguez, J. 1969.
Cell wall composition of the yeast and mycelial forms of Paracoc-
cidioides brasiliensis. Journal of Bacteriology 97:1036-1041.

Kessler, G. and Nickerson, W.J. 1959. Glucomannan-protein complexes
from the cell walls of yeasts. Journal of Biolegical Chemistry
234:2281-2283.



210

Kharatyan, S.G. 1978. Microbes as food for humans. Annual Review
of Microbiology 32:301-327.

Kihlberg, R. 1972. The microbe as a source of food. Annual Review
of Microbiology 26:427-466.

Kitamura, K., Kaneko, T. and Yamamoto, Y. 1975. Lysis of viable yeast
cells by enzymes of Arthrobacter lutens. 1I. Purification and
properties of an enzyme, zymolase, which lyses viable yeast cells.
Report, Research Laboratory Kirin Brewery Co., Ltd., No. 18, pp.
25-41.

Kline, L. and Sugihara, T.F. 1971. Microorganisms of the San Francisco
sour dough bread process. 1I. lsolation and characterization of
undescribed bacterial species responsible for the souring activity.
Applied Microbiology 21:459-465.

Knorr, D., Shetty, K.J., Hood, L.F. and Kinsella, J.E. 1979. An enzy-
matic method for yeast autolysis. Journal of Food Science 44:

1362-1365.

Kohler, G.0. and de Fremery, D. 1975. Uses for the "alfalfa solubles"
product from the pro-xan processes. Presented in Twelfth Techni-
cal Alfalfa Conference Proceedings; American Dehydrators Associa-
tion, pp. 81-84.

Kopecka, M. 1975. The isolation of protoplasts of the fission yeast
Schizosaccharomyces by Trichoderma viride and snail enzymes. Folia
Microbiologia 20:273-276.

Kopecka, M., Phaff, H.J. and Fleet, G.J. 1974. Demonstration of a
fibrillar component in the cell wall of the yeast Saccharomyces
cerevisiae and its chemical nature. Journal of Cell Biology 62:
66-76.

Kreger, D.R. 1954, Observations on cell walls of yeasts and some other
fungi by x-ray diffraction and solubility tests. Biochimica et
biophysica acta 13:1-9.

Kreger-van Rij, N.J.W. 1971. A comparative study of the cell wall struc-
ture of basidiomycetous and related yeasts. Journal of General
Microbiology 68:87-95.

Kristensen, T.P. 1978. Continuous single cell protein production from
Cellulomonas spp. and Candida utilis grown in mixture on barley

straw. European Journal of Applied Microbiology and Biotechnology
5:155-163.

Lampen, J.0. 1968. External enzymes of yeast: their nature and for-
mation. Antonie van Leeuwenhoeck; Journal of Microbiology and
Serology 34:1-18.

Larsen, V.F., Holdom, R.S., Spivey, M.J. and Todd, M. 1978. Unit system



for selection of mixed interactive cultures for industrial steady-
state fermentations. In Techniques for the study of mixed popu-
fations, Society for Applied Bacteriology Technical Series, no.
11, pp. 179-211. Edited by D.W. Lovelock and R. Davies. London:
Academic Press.

Laskin, A.I. 1977. Single cell protein. In Annual Reports on Fermen-
tation Processes, Vol. 1, pp. 151-180. Edited by D. Perlman.
London: Academic Press.

Lewis, M.J. and Phaff, H.J. 1963. Release of nitrogenous substances
by brewer's yeast. 2. Effect of environmental conditions. Ameri-
can Society of Brewing Chemists, Proceedings, pp. 114-123.

Lindbiom, M. 1974. The influence of alkali and heat treatment on yeast
protein. Biotechnology and Bioengineering 16:1495-1506.

Livingston, A.L., Knuckles, B.E., Edwards, R.H., de Fremery, D., Miller,
R.E. and Kohler, G.0. 1979. Distribution of saponin in alfalfa
protein recovery systems. Journal of Agricultural and Food Chem-
istry 27:362-365.

Livingston, A.L., Whitehand, L.C. and Kohler, G.0. 1977. Microbiolo-
gical assay for saponin in alfalfa products. Journal of the Asso-
ciation of Official Analytical Chemists 60:957-960.

von Loesecke, H.W. 1946. Controversial aspects: Yeast in human nutri-
tion. Journal of American Dietetics Association 22:485-493.

Luft, J.H. 1971. Ruthenium Red and Violet. 1I1I1. Fipe structural lo-
calization in animal tissues. The Anatomical Record 171:369-416.

Lyons, T.P., and Hough, J.S. 1971. Further evidence for the cross-
bridging hypothesis for flocculation of brewer's yeast. Journal
of Institute of Brewing 77:300-305.

MacWilliam, I.C. 1970. The structure, synthesis and functions of the
yeast cell wall - a review. Journal of the Institute of Brewing
76:524-535.

Mahoney, R.R., Nickerson, T.A. and Whitaker, J.R. 1974, Selection of
strain, growth conditions, and extraction procedures for optimum
production of lactase from Kluyveromyces fragilis. Journal of
Dairy Science 58:1620-1629.

Mann, J.W., Heintz, C.E. and Macmiilan, J.D. 1972. VYeast spheroplasts
formed by cell wall-degrading enzymes from Oerskovia sp. Journal
of Bacteriology 111:821-824.

Mann, J.W., Jeffries, T.W. and Macmillan, J.D. 1978. Production and
ecological significance of yeast cell wall-degrading enzymes from
Oerskovia. Applied and Environmental Microbiology 36:594-605.

211



212

Manners, D.J., Masson, A.J. and Patterson, J.C. 1973a. The structure
of a 8-(1-3)-D-glucan from yeast cell walls. Biochemical Journal

135:19~30.

Manners, D.J., Masson, A.J., Patterson, J.C., Bjornal, H. and Lindberg,
B. 1973b. The structure of a 5-(1-6)-D-glucan from yeast cell
walls. Biochemical Journal 135:31-36.

Marchal, R., Claude, 0., Metcha, M. 1977. Production of citric acid
from n-paraffins by Saccharomyces lipolytica: Kinetics and balance
of the fermentation. European Journal of Applied Microbiology 4:
111-123.

Masschelein, C.A., Jeunehomme-Ramos, C., Castian, C. and Devreux, A.
1963. Mechanism of phenotypic variations in the flocculence char-
acter of yeast. Journal of Institute of Brewing 69:332-338.

McMurrough, 1. and Rose, A.J. 1967. Effect of growth rate and sub-
strate limitation on the composition and structure of the cell wall
of Saccharomyces cerevisiae. Biochemical Journal 105:189-203.

Mehta, R.D. and Gregory, K.F. 1981. Mutants of Saccharomyces cere-
visiae and Candida utilis with increased susceptibility to diges-
tive enzymes. Applied and Environmental Microbiology 41:992-999,

Meyer, M.T. 1975. «-(1-3)-glucanases from Bacillus circulans WL-12
and from certain yeasts. Ph.D. thesis, University of California,
Davis.

Meyers, S.P. and Rutledge, J.E. 1971. Economic utilization of crus-
tacean meal. Feedstuffs 43:16.

Miller, M.W., Yoneyama, M. and Soneda, M. 1976. Phaffia, a new yeast

genus in the Deuteromycotina (Blastomycetes). Interpational Jour-
nal of Systematic Bacteriology 26:286-291.

Miller, T.L. and Johnson, M.J. 1966. Utilization of normal alkanes
by yeasts. Biotechnology and Bioengineering 8:549-565.

Mitsuda, H., Sugiura, M., Yasumoto, K. and Tonomura, B. 1970. Studies
on protein foods. 1IV. Protein isolates from a hydrocarbon-assi-
milating yeast and their nutritive values. Journal of Japanese
Society for Food and Nutrition 23:62-65.

Mitsuda, H., Yasumoto, K. and Nakamura, H. 1969. A new method of ob-
taining protein isolates from Chlorella algae, torula yeasts and
other microbial cells. Chemical Engineering Progress Symposium
Series 65:93-103.

Mitzka-Schnabel, U. and Rau, W. 1980. The subcellular distribution
of carotenoids in Neurospora crassa. Phytochemistry 19:1409-1413.

Miura, Y., Yoh, M., Kamimura, N., Komemushi, S. and Okazaki, M. 1873.



213

Mixed culture of Mycotorula japonica and Bacillus subtilis. Jour-
nal of Fermentation Technology 51:850-857.

Mogren, H., Hedenskog, G. and von Hoften, A. 1973. The influence of
heat processing and mechanical disintegration on yeast for single
cell protein. Physiologia Plantarum 29:82-91.

Mogren, H., Lindblom, M. and Hedenskog, G. 1974. Mechanical disinte-
gration of microorganisms in an industrial homogenizer. Bictech-
nology and Bioengineering 16:261-274.

Mojonnier, M.L., Hedrick, R.L. and Porter, T. 1955. The microbiolo-
gical assay of the amino acids of five genera of yeasts grown under
controlled conditions. Journal of Nutrition %7:579-541.

Moo-Young, M. 1976. A survey of single cell protein facilities. Pro-
cess Biochemistry 11:32-34.

Morzycka, E., Sawnor-Korszynska, D., Paszewski, A., Grabski, J. and
Raczynsak-Bojanowska, K. 1976. Methionine over-production by
Saccharomyces lipolytica. Applied and Environmental Microbiology
32:125-130.

" Mrak, E.M., Phaff, H.J. and Mackinney, G. 1949. A simple test for caro-
tenoid pigments in yeasts. Jdournal of Bacteriology 57:409-411.

Mudgett, R.E., Rajagopalan, K. and Rosenau, J.R. 13883. Single cell
protein recovery from alfalfa process wastes. Transactions of the
American Society of Agricultural Engineers 23:1590-1595.

Mudgett, R.E., Rufner, R., Bajracharya, R., Kim, K. and Rajagopalan, K.
1978. Enzymatic effects on cell rupture in plant protein reco-
very. Journal of Food Biochemistry 2:185-207.

Murillo, F.J., Calderon, I.L., Lopez-Diaz, I. and Cerda-Olmedo. 1978.
Carotene super-producing strains of Phycomyces. Applied and En-
vironmental Microbiology 36:639-642.

Nakayama, T., Mackinney, G. and Phaff, H.J. 1954. Carctenoids in
asporogenous yeasts. Antonie van Leeuwenhoek; Journal of Micro-
biclogy and Serology 20:217-228.

Obata, 7., Yamashita, K. and Nunokawa, Y. 1975. Culture conditions
for the production of yeast lytic enzymes from Qerskovia sp. €K
and some properties of the crude enzymes. Journal of Fermentation
Technology 53:256-263.

Omstedt, P., von der Decken, V., Hedenskog, G. and Mogren, H. 1975.
Effect of processing on the nutritive value of Sagccharomyces cere-
vistae, Scenedesmus obliquus, and Spirulina platensis measured hy
protein synthesis in vitro in rat skeletal muscle, In Single Cell
Protein II, pp. 553-558. Edited by S.R. Tannenbaum and 0.1.0. Wang.
Cambridge, Massachusetts: The M.I.T. Press.




214

Parades-Lopez, 0. and Camargo, E. 1973. The use of alfalfa residual
juice for production of single cell protein. Experientia 29:1233-
1234.

Peitersen, N. 1975. Cellulase and protein production from mixed cul-
tures of Trichoderma viride and a yeast. Biotechnology and Bio-
engineering 17:1291-1299.

Peppler, H.J. 1968. Industrial production of single cell protein from
carbohydrates. In Single Cell Protein, pp. 229-242. Edited by
R.1., Mateles and S.R. Tannenbaum. Cambridge, Massachusetts: The
M.1.T. Press.

Peppler, H.J. 1978. Yeasts. In Annual Reports on Fermentation Pro-
cesses, Yol. 2, pp. 191-202. Edited by D. Perlman. New York: Aca-
demic Press.

Phaff, H.J. 1971. Structure and biosynthesis of the yeast cell enve-
lope. In The Yeasts - Physiology and Biochemistry of Yeasts, Vol.
2, pp. 135-210. Edited by A.J. Rose and J.S. Harrison. London:
Academic Press.

Phaff, H.J. 1977. Enzymatic yeast cell wall degradation. In Food Pro-
teins Advances in Chemistry Series, no. 160, pp. 244-282, American
Chemical Society, Washington, D.C.

Phaff, H.J. 1979. A retrospective and current view on endo g-glucanases
in yeast. In Advances in Protoplast Research, pp. 171-182., Edited
by L. Ferenczy and G.L. Farkas. New York: Pergam Press.

Phaff, H.J., Miller, M.W. and Mrak, E.M. 1978. The Life of Yeasts.
2nd Edition. Cambridge, Massachusetts: Harvard University Press.

Poon, N.H. and Day, A.W. 1975. Fungal fimbriae. I. Structure, origin
and synthesis. Canadian Journal of Microbiology 21:537-546.

Power, D.M. and Challinor, S.W. 1969. The effects of inositoi-defi-
ciency on the chemical composition of the yeast cell wall. Journal
of General Microbiology 55:169-176.

Ramsay, A.M. and Douglas, L.J. 1979. Effects of phosphate limitation
of growth on the cell wall and lipid composition of Saccharomyces
cerevisiae. Journal of General Microbiology 110:185-191.

Rattray, J.B.M., Schibeci, A. and Kidby, D.K. 1975. Lipids of yeasts.
Bacteriological Reviews 39:197-231.

Reed, G. 1982. Microbial biomass, single cell protein, and other micro-
bial products. In Prescott and Dunn's Industrial Microbiology,
4th edition, pp. 541-592. Edited by G. Reed. Westport, Conneti-
cut: AVI Publishing Co.

Richards, M. and Cowland, T.W. 1967. The rapid detection of brewery



215

contaminants belonging to the genus Saccharomyces by a serological
technique. Journal of the Institute of Brewing 73:552-558.

Rikard, P.A.D., Moss, F.J. and Ganez, M. 1971. The effects of glucose
and oxygen on the cytochromes and metabolic activity of yeast
batch cultures. 1. Saccharomyces spp. Biotechnology and Bio-
engineering 13:1-16.

Robbins, E.A. and Seeley, R.D. 1977. Cholesterol Towering effect of
dietary yeast and yeast fractions. Journal of Food Science 42:

694-698.

Rose, A.J. 1961. Industrial Microbiology. London: Butterworth and
Co., Ltd.

Rose, A.J. 1978. Composition-function relationships in the yeast
envelope. In Biochemistry and Genetics of Yeasts: Pure and Applied
Aspects, pp. 19/-20/7. Edited by M. Bacia, B.L. Horecke, and A.O.M.
Stoppani. New York: Academic Press.

Rowley, B.I. and Bull. 1977. Isolation of a yeast-lysing Arthrobacter
species and the production of the lytic enzyme complex in batch
and continuous-flow fermentors. Biotechnology and Bioengineering
19:879-899.

Sachs, R.M., Low, C.B., Vasavada, A., Sully, M.J., Williams, L.A. and
Ziobro, G.C. 1981. Fuel alcohol from Jerusalem artichoke. Cali-
fornia Agriculture 35:4-6.

Saito, A. and Regier, L.W. 1971. Pigmentation of brook trout (Salve-
1inus fontinalis) by feeding dried crustacean wastes. Journal of
Fisheries Research Board of Canada 28:509-512.

Schnell, P.G., Akin, C. and Flannery, R.J. 1976. Properties of toru-
tein for food applications. Cereal Foods World 21:311-315.

Scott, J.H. and Schekman, R. 1980. Lyticase: endoglucanase and pro-
tease activities that act together in yeast cell lysis. Journal
of Bacteriology 142:414-423.

Sentandreu, R. and Northcote, D.H. 1968. The structure of a glycopep-
tide isolated from the yeast cell wall. Biochemical Journal 109:
419-432.

Sentheshanmuganathan, S. and Nickerson, W.J. 1962. Composition of cells
and cell walls of triangular and ellipscidal forms of Trigonopsis
variabilis. Journal of General Microbiology 27:451-464.

Shennan, L. and Levi, J.D. 1974. The growth of yeasts on hydrocarbons.
Progress in Industrial Microbiology 13:1-57.

Shetty, K.J. and Kinsella, J.E. 1978. Effect of thiol reagents on ex-
tractability of protein from yeast. Biotechnology and Bioengineering
200:755-766.



Shurygin, A.Y., Zlishcheva, E.I1., Rozhenko, T.C. and Vorotilo, S.P. 1979,

Use of a preparation of lytic enzymes for disruption of the cell
walls of microorganisms for the isolation of DNA from them. Prik-
ladnaya Biokhimiya i Mikrobiologiya 15:699-701.

Skogman, H. 1976. Production of Symba-yeast from potato wastes. In
Food from Waste, pp. 169-179. Edited by G.G. Birch, K.J. Parker
and J.T. Worgan. London: Applied Science Publishers Ltd.

Smith, R.H. and Palmer, R. 1976. A chemical and nutritional evalua-
tion of yeasts and bacteria as dietary protein sources for rat and
pigs. Journal of the Science of Food and Agriculture 27:763-770.

Sommer, A. and Lewis, M.J. 1971. Effect of dithiothreitol on yeast:
spheroplast formation and invertase release. Journal of General
Microbiology 68:327-335.

Somogyi, J.C. 1969. Fortification with lysine or natural protein
carriers? In Amino acid fortification of protein foods, pp. 93-
95, Edited by N.S. Scrimshaw and A.M. Altschul. Cambridge, Mas-
sachusetts: The M.1.T. Press.

Spanyer, J.W., Jr. and Thomas, A.T. 1956. Determination and composi-
tion of yeast and distiller's solubles. Jounral of Agricultural
and Food Chemistry 4:631-633.

Spinelli, J., Lehman, L. and Wieg, D. 1974. Composition, processing
and utilization of red crab (Pleuroncodes planipes) as an aqua-
cultural feed ingredient. Journal of the Fisheries Research Board
of Canada 31:1025-1029.

Stanier, R.Y., Adelberg, E.A. and Ingraham, J.L. 1976. The Microbial
World, 4th Edition, New Jersey: Englewood Cliffs.

Stewart, G.G., Russel, I. and Garrison, I.F. 1975. Some considerations
of the flocculation characteristics of ale and lager yeast strains.
Journal of the Institute of Brewing 81:248-257.

Sugihara, T.F., Kline, L. and Miller, M.W. 1971. Microorganisms of
the San Francisco sour dough bread process. 1. Yeasts responsi-
ble for the leavening action. Applied Microbiology 21:456-458.

Sugimori, T., Uchida, Y. and Tsukada, Y. 1972. Distribution of yeast
cell wall Tytic activity among microorganisms. Agricultural and
Biological Chemistry 36:669-675.

Sugimoto, H. 1974. Synergistic effect of ethanol and sadium chloride
on autolysis of baker's yeast for preparing food-grade yeast ex-
tracts. Journal of Food Science 39:939-942.

Tabata, S. and Terui, G. 1962. Studies on microbial enzymes active
in hydrolyzing yeast cell wall. . lsolation of a strain and
culture conditions for enzyme formation. Journal of Fermentation

216



217

Technology 40:366-373.

Takao, S. and Hotta, K. 1977. L-malic acid fermentation by mixed cul-
ture of Rhizopus arrhizus and Proteus vulgaris. Agricultural and
Biological Chemistry 41:945-950.

Tanaka, H., Ogasawara, N., Naka31ma, T. and Tamari, K. 1970. Cell walls
of Piricular1a or zae . Selective enzymolysis of Piricularia
oryzae walls by wall- 1yt1c enzymes of Bacillus circulans WL-12.
Journal of General and Applied Microbiology 16:39-60.

Tanaka, H. and Phaff, H.J. 1965. Enzymatic hydrolysis of yeast cell
walls. 1. Isolation of wall-decomposing organisms and separation
and purification of lytic enzymes. Journal of Bacteriology 89:
1570-1580.

Tanaka, H. and Phaff, H.J. 1966. Enzymatic hydrolysis of yeast cell
walls. II. Susceptibilities of isolated cell walls and ascus
walls of various yeasts to the action of bacterial endo-g-glucan-
ases. Abhandlungen der deutschen Akademie der Wissenschaften zu
Berlin, Klasse fur Medizin, 6:113-129, 353-357.

Tannenbaum, S.R. 1968. Factors in the processing of single cell pro-
tein. In Single Cell Protein, pp. 343-352. Edited by R.I. Mateles
and S.R. Tannenbaum. Cambridge, Massachusetts: The M.1.T. Press.

Tanner, R.D., Sonki, N.T. and Russel, R.N. 1977. A fermentation pro-
cess for producing both ethanol and lysine-enriched yeast. Bio-
technology and Bioengineering 19:27-42.

Taylor, N.W. and Orton, W.L. 1973. Effect of alkaline-earth metal salts
on flocculence in Saccharomyces cerevisiae. Journal of the Insti-
tute of Brewing 78:294-297.

Tevayanond, R. 1981. On the nature of the reaction of Diazonium Blue
B with basidiomycetous yeasts. Ph.D. thesis, University of Califor-
nia, Davis.

Thieme, T.R. and Ballou, C.E. 1972, Subunit structure of the phospho-
mannan from Kloekera brevis yeast cell wall. Biochemistry 11:1115-
1120.

Treton, B., LeDall, M. and Heslot, H. 1978. Excretion of citric and
isocitric acids by the yeast Saccharomyces lipolytica. European
Journal of Applied Microbiology and Biotechnoloqy 6:67-77.

Trevelyan, W.E. 1976. Autolytic methods for the reduction of the purine
content of baker's yeast, a form of singie cell protein. Journal
of the Science of Food and Agriculture 27:753-762.

Vananuvat, P. and Kinsella, J.E. 1975. Extraction of protein, low in
nuc1e1c acid, from Saccharomyces fragilis grown continuously on

crude Tactose. Journal of Agricultural and Food Chemistry 23:216-221.



218

Villanueva, J.R. and Acha, G.I. 1971. Production and use of fungal
protoplasts. In Methods in Microbiology, vol. 4, pp. 665-718.
Edited by C. Booth. London: Academic Press.

Villanueva, J.R., Gacto, M. and Duran, A. 1979. Endogenous lytic
enzymes and the yeast cell wall. In Advances in Protoplast Research,
pp. 183-197. Edited by L. Ferenczy and G.L. Farkas. New York:
Pergamon Press.

Vrsanska, M., Biely, P. and Kratky, Z. 1977a. Enzymes of the yeast
lytic system produced by Arthrobacter GJM-1 bacterium and their
role in the lysis of yeast cell walls. Zeitschrift fur Allgemeine
Mikrobiologie 17:465-480.

Vrsanska, M., Kratky, Z. and Biely, P. 1977b. Lysis of intact yeast
cells and isolated cell walls by an inducible enzyme system of
Arthrobacter GJM-1. Zeitschrift fur Allgemeine Mikrobiologie 17:
391-402.

Walter, E.D., Van Atta, G.R., Thompson, C.R. and Maclay, W.D. 1954.
Alfalfa saponin. Journal of the American Chemical Society 76:2271-

2273.

Wang, Y.D. and Fields, M.L. 1979. Protein value of Candida tropicalis
ATCC 1369 and of corn residue used in the production of yeast. Jour-
nal of Food Science 44:1197-1200.

Wasserman, A.E. 1961. Amino acid and vitamin composition of Saccharo-
myces fragilis grown in whey. Journal of Dairy Science 44:379-380.

Webley, D.M., Follett, E.A.C. and Taylor, I.F. 1967. A comparison of
the lytic action of Cytophaga johnsonii on a eubacterium and a yeast.
Antonie van Leuwenhoek; Journal of Microbiology and Serology 33:
159-165.

Welles, J.B. and Blanch, H.W. 1976. The effect of discontinuous feeding
on ethanol production by Saccharomyces cerevisiae. Biotechnology
and Bioengineering 18:129-132.

Whistler, R.L. and Wolfrom, M.L. 1962. In Methods in Carbohydrate Chem-
istry, vol. 1, p. 386. New York: Academic Press.

Whitworth, D.A. and Ratledge, C. 1974. Microorganisms as a potential
source of oils and fats. Process Biochemistry 9:14-22.

Wiken, T.0. 1972. Utilization of agricultural and industrial wastes
by cultivation of yeasts. In Fermentation Technology Today, Proceed-
ings of the IVth Internaticnal Fermentation Symposium, Kyoto, Japan.
pp. 569-576. Edited by G. Terui, Osaka: Society of Fermentation
Technology.

Yokotsuka, K. Goto, S., Yokotsuka, I. and Kushida, T. 1974. Isolation
and identification of microorganisms capable of lysing yeast cells.
Journal of Fermentation Technology 52:701-705.



219

APPENDIX I

A model for the yeast cell wall. Arrow points towards the exterior
of the cell. The essential features of the model are identified at
the foot of the figure. Adapted from Kidby and Davies (1570).



Yeast cell wall

Cell membrane
Invertase Disulphide Glucan Phosphodiester
-linked link
protein _@_
_P_
8-S
Mannan

_®

220



