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Introduction

Yeast flocculation describes a process whereby yeasts, essentially unicellular
organisms, are gathered together into cohesive masses of thousands or even
millions of cells; such aggregates are called flocs (Figure I). In recent years, a
greater understanding of this process has been brought about through the
application of specialist knowledge from a wide variety of scientific disci-
plines. Physicists, working on colloidal aggregation, have demonstrated the
processes by which aggregates are formed and built up. The availability of
high-speed computers and their use in modelling fractal geometry have
recently revolutionized our views on the formation of chaotic aggregates.
Another revolution, this time in the field of molecular biology, has led to the
development of very powerful techniques for the manipulation and cloning of
genes, here described in their application to genes governing yeast floccula-
tion.

A quieter, but possibly no less important, revolution has occurred in our
perception of carbohydrates. Other complex biological polymers have been
accepted as having sequentially ordered structures and functions derived from
these structures: DNA structures functioning as genetic code; protein struc-
tures functioning as catalytic enzymes; RNA as transcription templates and
even, recently, shown to have enzyme activity (Taira et al., 1990). Carbohy-
drates have, in contrast, been regarded simply as amorphous masses, the
mashed-potato of the biological scheme. Recently, detailed analysis of
complex carbohydrates, has shown specific structures in polysaccharides with
definite roles in cell-cell recognition and interaction phenomena.

The study of yeast flocculation has a long, even historic pedigree. Louis
Pasteur (1876) made the first scientific observation on yeast flocculation
which was followed around the turn of the century by many reports of
flocculation in the German literature. Since the earliest reports, flocculation
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Figure 1. Scanning electron micrograph of flocculating cells of Saccharomycodes ludwigii
NCYC 734. These skittle-shaped yeasts divide by bipotar budding and are approximately 4pm in
girth.

has been intimately associated with the brewing industry. Flocculent yeasts
have probably been used for centuries in beer-making, giving the final
product a clear, bright appearance. As a result of this industrial — and
therefore financial — interest, much of the research into yeast flocculation
has concerned its role in brewing (reviews by Burns, 1937; Brohult, 1951;
Jansen, 1958; Windisch, 1968; Geilenkotten and Nyns, 197]1; Stewart and
Russell, 1981, 1986). Because of these factors, yeast flocculation has come to
be regarded as an individual, isolated curiosity of Saccharomyces cerevisae. In
fact, flocculation has recently been recognized in a variety of yeast genera and
lectin-mediated cell-cell interactions have been described in many micro-
organisms. In this review, an attempt is made to view yeast flocculation, not
so much in isolation, but in the context of more widespread phenomena. This
present review article is not intended to be solely a reiteration of the old
material, but a view from a different standpoint. It is intended to broaden,
update and complement previous reviews of the fascinating subject of yeast
flocculation.

Microbial and yeast aggregation phenomena

Most microbes exist predominantly as single cells, whiist ‘higher’ more
advanced forms of life are multicellular. Clearly, the multicellular form would
seem to confer a distinct advantage over unicellular organisms, in size if
nothing else. However, there is much more to a discrete multicellular
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organism than an aggregation of single cells. The size and complexity of
multicellular organisms necessitates communication and recognition between
cells. Once this has been achieved, the way is open for differentiation of
celtular functions and structure and the collection of cells can behave as a
discrete organism rather than as a group of individuals.

Micro-organisms that form aggregates, however, generally do not show this
awareness of the aggregate-whole, as far as we can tell, and most microbial
aggregates appear to behave as agglomerations of individual cells. The
obvious exception to this generalization is the aggregation and communica-
tion shown by slime-mould cells (Newell, 1977).

THE THREE FORMS OF YEAST AGGREGATION

Aggregates of yeast cells can result from any one of three ‘natural’ causes.
These are mating aggregation, chain-formation and flocculation (Figure 2).
Mating aggregates are formed as a prefude to sexual fusion between comple-
mentary cells. This sexual process has been extensively studied in three yeast
genera, Hansenula, Saccharomyces and Schizosaccharomyces, all reviewed
by Calleja (1984, 1987). In the case of Saccharomyces cerevisiae, haploid
yeast strains of complementary mating types, « and a, release short polypep-
tide pheromones which elicit changes in the cell walls of the opposite mating
type. These changes instigate specific protein-protein bonding between cells
of the complementary sexes and formation of large mixed aggregates. Fusion
between complementary cells consequently results in diploid cells and ulti-
mately haploid spores following meiosis.

Chain-formation, in contrast, will result in aggregate formation only
through yeast growth. After cell division mother and daughter cells remain
together, both growing and forming new buds, instead of the normal, clean
separation of cells. There is theoretically no limit to this process, but in
practice physical breakage of chain-formed aggregates by shear forces tends
to {imit them to 30-100 cells. Chain-formation in yeast is a hereditary trait
(Gilliland, 1951, 1957) entirely distinct from flocculation (Eddy, 1955a).
Chain-formation has been shown recently to result from disruption of a
chitinase gene (Kuranda and Robbins, 1991). Bud-scars are known to be
composed of chitin (Cabib and Bowers, 1971), and the chitin-rich septum
formed between mother and daughter cells (Veinot-Drebaot, Johnston and
Singer, 1991) requires hydrolysis by chitinase prior to cell separation. Lack of
cell separation also results from CKAZ2 gene disruption (Padmanabha et al. ,
19903, an essential regulatory gene coding for casein kinase II. Chain-
formation can also be caused by nutrient deprivation; deficiency of magne-
sium ions (Jansen and Mendlik, 1951); biotin (Dunwell, Ahmad and Rose,
1961; Duffus, Levi and Manners, 1982); or inositol {Smith, 1951; Ghosh et
al., 1960; Lewin, 1965; Dominguez, Villanueva and Sentandreu, 1978) all
causing this effect. Chain-formation in §. cerevisiae, which is common in
top-fermenting brewery strains {Lyons and Hough, 1970a; Stratford and
Assinder, 1991) would appear to be similar to the pseudo-mycelium forma-
tion found in several yeast genera, for example Candida or Trichosporon.
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Extensive, branched structures are formed by growth of yeast strains in these
genera, under certain nutrient conditions. These pseudomycelia show much
structural similarity to the full mycelia developed by typical fungi.

Protein/Protein bonding
Mating  EpTA/CA2® insensitive

Sugar insensitive

Protein/Carbohydrate bonding
Flocculation EDTA/Ga%” sensitive

Sugar sensitive

. . Failure of buds to separate
Chain-Formation
Irreversibiy destroyed
by mechanical shear

Figure 2. Summary of the characteristics of the three aggregation mechanisms in Saccharormy-
ces cerevisiae. These are mating aggregation between mixed, haploid a and o strains mediated by
protein-protein bonding; flocculation, a calcium-dependent protein—carbohydrate bonding
between cells of singe strains; 2ad chain-formation, arising through cell division where daughter
cells fail to separate from mother cells.

Flocculation in yeast appears to be an aggregation system entirely distinct
from mating or chain-formation. Unlike the rigid attachment of chain-linked
cells, which is irreversibly destroyed by mechanical shear (Gillitand, 1981),
flocculent cells are genuinely ‘sticky’ and will readily reaggregate after
mechanical dispersion. Adhesion between flocculent yeast strains appears to
be mediated by protein (lectin)—carbohydrate bonding (Miki ef al., 1981,
1982; Miki, Poon and Seligy, 1982), unlike the protein-protein bonding used
in sexual aggregates (Johnson er al., 1988). Also unlike mating aggregation,
most flocculent yeast strains are able to form aggregates from culture of single
strains, no mixing of pairs of complementary strains being necessary —
flocculent yeasts can do it for themselves.

THE IMPORTANCE OF BEING AGGREGATED

Calleja (1987), while discussing microbial aggregation in general, suggested
the following reasons for aggregation:

(a) a prelude to sexuality, (b) a mechanism for survival under adverse
conditions, or (c) a prelude to development, morphogenesis and differenti-
ation.
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How do the three forms of yeast aggregation fit into this classification?
Mating aggregation by yeast clearly falls into the first category, aggregation
being a temporary state, and preluding sexual fusion; the advantages to the
yeast of this being derived from the mixing of the yeast genetic pool.

Chain-formation and pseudomycelia formation by yeasts would seem to fit
best into the third category as preludes to development and differentiation.
However, chain-formation in particular does not appear to lead to develop-
ment and it is difficult to see any advantage in this. Perhaps chain-formation is
a relic of past evolution of fungi that have found advantage in the yeast form.
It is also possible that survival advantage is gained from being aggregated.
While chain-formation can be fortuitous as a result of genetic damage, it is
too common in brewery yeast strains (Lyons and Hough, 1970a; Stratford and
Assinder, 1991) for this to be entirely fortuitous and without advantage.

The reasons and advantages behind yeast flocculation, have long been
debated without there being a general consensus. Flocculation appears to be
entirely distinct from mating (Johnson er al., 1988). While it remains possible
that flocculation is a relic of a yeast-mating system, now abandoned (Stewart
and Russell, 1981), this is unlikely given the absence of two sexual types in
flocculation and the observed differences in cell-cell bonding between
flocculation and mating aggregates.

However, it remains a possibility that, while yeast cells are in close
proximity in flocs, minor exchange of genetic material could be occurring. It
has been shown that transfer of genetic material may occur when bacteria
adhere to yeast cells (Mazodier and Davies, 1991). No research has yet been
done as to whether cytoplasmic elements, plasmids, etc. are transferred
during the flocculation process.

There also appears to be a strong possibility, however, that flocculation
may enhance the survival of yeast cells. This theory was first put forward by
B.F. Johnson in a personal communication to Stewart and Russell (1981).
This suggested that during starvation conditions, the survival of a portion of
cells within flocs could be aided by death and autolysis of surrounding cells,
releasing further nutrients,

In the case of S. cerevisiae, it is perhaps not necessary to look further than
the brewery for the reason for yeast flocculation. Flocculent yeasts separate
from media in the final stages of brewing and yeast flocs are then used for
repitching subsequent fermentations. For centuries the brewery has acted as a
powerful selective agent for flocculent yeast, and as a further aid, has acted as
a fully mechanized means by which such yeasts are distributed around the
countryside; not only in beer, but also on barrels, bottles and vehicles. This
has occurred to such an extent that the ‘wild’ population of yeasts probably
contains a disproportionate number of brewing strains. Thornton and Bunker
(1989) reported a high incidence of flocculation in wine yeasts, although
Suzzi, Romano and Zamboneili {1984), Parish and Carroll (1987) and Ciani
and Rosini (1990) reported much lower levels, 6-8% of Saccharomyces
strains.

However, artificial selection by breweries cannot contribute to flocculation
of non-brewing strains. Flocculation appears to be a phenomenon widespread
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throughout the yeast genera. Table I shows the incidence of flocculation
reported to date, together with appropriate references. It is immediately
obvious that, other than brewery strains, all of these reports of flocculation in
yeast date back only to the last six years. It is therefore highly probable that
many more yeasts will be found to flocculate whenever the research is carried
out on the less well-known strains. Given that flocculation is commonly found
in the wild yeast population, what possible advantages does it confer? In a
recent review of yeast selection and survival in nature (Lachance, 1990)
selective factors listed included temperature, pH, water activity and toxicity
by host plants, animal secretions, enzymes and antibiotics. It is likely that, by
flocculating, yeast cells would be better able to survive many of these factors
by sacrificing the outer layers of yeast flocs. These outer cells, alive or dead,
could shield the underlying cells by absorbing toxins, enzymes or heat or by
buffering pH changes, and prevent dehydration of cells within the flocs. This
theory is experimentaily verified by data presented in Figure 3 (M. Stratford,
unpublished results). Treatment of dispersed suspensions of flocculent yeast
with ultraviolent (UV) light caused an immediate and dramatic reduction in
viability, with all cells killed within 2 min. The same flocculent yeast in flocs
were found to be almost indefinitely immune to UV light, a small proportion
of cells surviving very prolonged UV treatment. These are believed to be
those within flocs, shielded by overlying dead cells. Clearly, flocculation can
confer a substantial degree of protection for yeast cells against adverse
conditions. However, it must also be borne in mind that there are times when
flocculation can be a disadvantage, i.e. during favourable conditions for
growth. Flocculated yeasts offer a much reduced surface area for uptake of
nutrients as compared with single cells, flocculation now conferring disadvan-
tage on buried cells. This has been recently verified by Teixeira and Mota
(1990), who demonstrated a lowering of sugar uptake by flocculated yeast.

To summarize, Calleja (1987) suggested three reasons for microbial
aggregation, namely sexuality, development and survival. Yeast mating-
aggregation is clearly a prelude to sexuality, chain-formation appears to be
most closely related to development and differentiation, while flocculation
may be concerned with survival in adverse conditions, although limited
genetic exchange remains a possibility.

DEFINITIONS OF YEAST FLOCCULATION

There have been many and varied definitions of flocculation in the past,
depending on the facts known at the time and the viewpoint of the definer.
One of the best definitions was put forward by Stewart (1975) simply as ‘the
phenomenon wherein yeast cells adhere in clumps and sediment rapidly from
the medium in which they are suspended’. This simple statement has since
required modification to include top-fermenting ale yeasts, whose flocs
adhere to gas bubbles and as a result do not sediment, instead rising to form a
thick yeasty head on top of the fermenting medium (Stewart and Russell,
1981; Stewart er al., 1990},

A good definition is one that encompasses only the subject in question and
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Figure 3. Death of yeast in UV light (120 pw cm?), as single cells or in ffocs. Floceulent cells of
Saccharomyces cerevisiae 5646-1B were irradiated as single cells (@) in EDTA, 10 mM, or as
smali flocs (O) after addition of calcium chloride, 25 mM. Viability was measured by colony
counting, after floc redispersal.

excludes all superficially simiiar phenomena. Here, three superficially similar
forms of yeast aggregation are described, only one of which is flocculation.
Calleja (1987), in defining cell aggregation, emphasized that this was a
gathering together of cells and not merely one of being aggregated. This
definition excludes cell-aggregates that are not subject to gathering, for
example chain-formed aggregates formed by cell division. While accepting
the general concept of gathering, there are a number of yeast strains showing
constitutive flocculence (Stratford and Assinder, 1991). Normally these
strains would not express the gathering process but grow as enlarging flocs,
and would be excluded by the definition of Calleja (1987).

It is better, therefore, to define flocculation according to the characteristics
not shared by chain-formation and mating. Chain-formed aggregates can be
dissociated by mechanical shear into single cells which will not reaggregate;
dissociation is irreversible, unlike flocculation or mating aggregation. Both
flocculation and mating-aggregation are irreversibly lost after protease treat-
ment {Calleja and Johnson, 1977; Eddy and Rudin, 1958a). But unlike
mating aggregation, flocculation requires the presence of metallic cations and
is inhibited by chelating agents such as ethylene-diamine-tetraacetic acid
(EDTA) (Taylor and Orton, 1973; Johnson er al., 1988). EDTA will also
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cause dissociation of existing flocs, although in practice flocs with high bond
strength will need vortexing in EDTA.

Due to their protein—carbohydrate bonding, yeast flocculation is also
inhibited by solutions of specific sugars, unlike mating aggregation (Johnson
ef al., 1988). The identity of inhibiting sugars varies depending on the
flocculent yeast species examined. Table I shows different forms of yeast
flocculation that are inhibited by a variety of simple sugar types, making this
less useful as a definition of flocculation.

To conclude, for the purpose of this review, yeast flocculation is defined as
a reversible, non-sexual, lectin-mediated aggregation of yeast cells that may
be dispersed by chelating agents, or simple sugars.

Parameters affecting yeast flocculation

Flocculation is a condition intrinsic to the cell walls of certain yeast strains at
certain phases of growth. Once flocculation has been established in these cell
walls it is a very stable property, able to resist acid/alkaline washing (Burns,
1937) and thermal degradation (Taylor and Orton, 1975), and it is no longer
controlled by cellular metabolism since heat-killed cells show undiminished
flocculence (Mill, 1964b). Metabolism is undoubtedly necessary for the
development of flocculence, but once it has been established, flocculation
becomes a property of flocculent cell walls that is independent of cell
metabolism. This is shown by the observations that cell walls isolated from
flocculent yeasts continue to show flocculence (Eddy, 1955¢; Eddy and
Rudin, 1958a; Masschelein and Devreux, 1957; Mill, 1966).

A very large number of papers have been published over the last hundred
years on the subject of yeast flocculation. A large proportion of these,
especially in the early days, can be described as ‘effect’ papers, entitled: ‘The
effect of . . . on yeast flocculation’, and frequently concerning the presence or
absence of various media components. In this next section, the literature is
divided into three sections: (1) direct affectors of flocculation itself, e.g.
inhibitors; (2) factors changing flocculation indirectly via the metabolism of
yeast, e.g. nutrients modifying flocculation development; and (3) factors
involved in the physical process of aggregation, often shared by other
aggregation systems. Some affectors can influence flocculation in several
different ways and are included in more than one section. For example,
certain salts can directly inhibit flocculation, nutritionally alter the develop-
ment of flocculation, and also alter surface-charge, thereby influencing the
physical process of flocculation.

DIRECT AFFECTORS OF FLOCCULATION

Sugars

In the presence of certain sugars, the flocculation of yeast cells is inhibited.
This was first commented upon by Lindner (1901) and inhibition by cane
sugar noted by Burns (1937). Later work showed mannose and maltose to be
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very effective inhibitors, sucrose and glucose less so, and galactose and
fructose to be ineffective inhibitors of flocculation in Saccharomyces cerevi-
siae (Lindquist, 1953; Eddy, 1955a, b; Mill, 1964b; Fujino and Yoshida, 1976;
Kamada and Murata, 1984c; Kihn, Masy and Mestdagh, 1988a). Other
researchers using different strains, found flocculation to be specifically
inhibited by mannose and its derivatives (Taylor and Orton, 1978; Miki et al.,
1982; Lipke and Hull-Pillsbury, 1984), other sugars being ineffectual. This
contradiction has since been resolved, after a survey of a large number of
flocculent yeasts (Stratford, 1989b). Two types of flocculent strains were
found, Flol phenotype inhibited specifically by mannose and derivatives, and
NewFlo phenotype strains inhibited by mannose, maltose, glucose and
sucrose. This division of flocculent Saccharomyces cerevisiae strains (Fig-
ure 4) has been confirmed (Masy et al., 1990) and extended to other
flocculation characteristics (Stratford and Assinder, 1991).

Aggregation of
Suaccharomyces cerevisiae
A

/ | A

Chain-Formation Fiocculation Mnting
/ ~ N
FLO1 phenotype NewFLO phenotype

{manno-specific) {gluco- and manno- specific}
/ : RV A—
FL.O1, FLO5, FLOS, tuplcycB Majority of Brewing Strains

Figure 4. Position of two distinct flocculation phenotypes within aggregation of Saccharomyces
cerevisine. The constitutive Flo1 phenotype is consistent with & mannose-specific lectin mecha-
nism and is found in strains containing FLOI, FLOS or FLOS& genes or tupl or cyc8 mutations.
NewFlo phenotype flocculent strains form the majority of brewery yeasts, and flocculate in the
stattonary phase of growth using a gluco- and manno-specific lectin mechanism.

Flocculation of yeasts in other genera has also been reported to be inhibited
by sugar (Table I); the specific sugars causing inhibition vary with yeast
species, For example, flocculation in Saccharomyces uvarum was inhibited by
glucose and mannose (Hussain et al., 1986), while Kluyveromyces bulgaricus
floceulation was inhibited by fucose and galactose. The effects of sugar on
flocculation have been shown not to involve cell metabolism (Brohan and
McLoughlin, 1985) since flocculation of heat-killed cells was also inhibited by
specific sugars (Stratford and Assinder, 1991). Lower concentrations of
sugars, normally regarded as insufficient to cause inhibition, were found to be
partially inhibitory when yeast flocs were subject to the stresses of agitation
(Stratford, Coleman and Keenan, 1988). More detailed studies of sugar
inhibition (Masy et al., 1990; Stratford and Assinder, 1991) of S. cerevisive
showed that the NewFlo phenotype flocculation was most easily inhibited by
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di- or trisaccharides with a glucose or mannose residue at the non-reducing
terminal, while Flol phenotype flocculation was best inhibited by mannose
derivatives and mannobiose.

Proteases

‘Fhe first report of effects on flocculation by proteases was made by Eddy and
Rudin (1958a}, who found that treatment of flocculent yeast cells with papain
caused an irreversible loss of flocculence, This result has since been con-
firmed using a variety of other proteolytic enzymes (Stewart, Russell and
Garrison, 1973; White and Kidney, 1979; Nishihara, Toraya and Fukui, 1977,
1982; Miki et al., 1982; Lipke and Hull-Pilsbury, 1984; Watari et al., 1987),
and also by chemical modification of protein components of the yeast cell
surface (Nishihara, Toraya and Fukui, 1977). Modification of the yeast cell
surface by lipases, DNAase, RNAase or lysozyme did not cause flocculation
loss (Nishihara, Toraya and Fukui, 1982). However, flocculation loss has
been reported following carbohydrate modification by a-amylase (Stewart,
Russell and Garrison, 1973) and zymolyase treatment (Williams and Wise-
man, 1973b}. The material released from trypsin-digested cells, both floccu-
lent and non-flocculent, has been analysed (Marfey, Sorensen and Ottesen,
1977). Flocculent cells were found to release more carbohydrate and less
protein than non-flocculent cells.

The involvement of a surface protein in yeast flocculation was also
suggested by the prevention of flocculation development by the protein
synthesis inhibitor cycloheximide (Baker and Kirsop, 1972; Stewart, Russell
and Garrison, 1973; Nishihara, Toraya and Fukui, 1976a; Lands and Graff,
1981). Addition of cycloheximide after flocculation development was ineffec-
tive. The surface protein may also be glycosylated, given that flocculation
development was also arrested by tunicamycin (Stewart et al., 1990}, Surface
proteins on flocculent yeast cells are also likely to be the antigenic determi-
nants of antibodies to flocculent yeasts developed by Nagarajan and Umesh-
Kumar (1990). Differential responses to various protease treatments have
been used to distinguish between flocculation type. Hodgson, Berry and
Johnston (1985) used proteases and heat to separate strains containing FLOI
and FLOSJ genes, and two phenotypes of Saccharomyces cerevisiae floccula-
tion were similarly found by Stratford and Assinder (1991). Four phenotypes
of highly flocculent wine strains have also been reported (Suzzi and Romano,
1991).

Inorganic salts

Experiments to determine the effects of inorganic salts on yeast flocculation
must be some of the simplest possible, and as a result probably more papers
have been published on these effects than on any other aspect of flocculation.
Yet no definitive consensus has been achieved, probably because there are
several different effects occurring simultaneously, thereby causing apparent
confusion. The tale begins before the turn of the century, when Seyffert
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(1896) observed loss of flocculation due to the softness of the brewing liquor;
this was regained on addition of lime. Further work on this was carried out by
Hayduck and Schuckling (1908), Schonfeld (1912), Moufang (1912), Schon-
feld and Schonfelder (1914), Schonfeld and Krumhaar (1918a), and is not to
be confused with work on the chemical coprecipitation of non-flocculent
yeasts carried out at this time (Holderer, 1901; Lange, 1901; van Laer, 1905),
now described as affinity flocculation (Bentham et al., 1990). Salts, chlorides
and sulphates of sodium, potassium, calcium and magnesium were all shown
to stimulate flocculation of washed cells (Burns, 1937; Gilliland, 1951; Jansen
and Mendlik, 1951).

In general agreement with these early experiments, most researchers report
the importance of calcium salts in promoting flocculation (Lindquist, 1953:
Helm, Nohr and Thorne, 1953; Eddy, 1955c; Hough, 1957; Masschelein and
Devreux, 1957; Harris, 1959; Mill, 1964b; Lyons and Hough, 1970a, b; Taylor
and Orton, 1973, 1975; Williams and Wiseman, 1973a; Lewis and Johnston,
1974; Stewart, Russell and Garrison, 1975a; Stewart and Goring, 1976,
Jayatissa and Rose, 1976; Miki et af., 1982; Nishihara, Toraya and Fukui,
1982; Hussain et al., 1986; Masy, Kockerols and Mestdagh, 1991). While
calcium ions are generally believed to be most effective at promoting
flocculation, there is a strong body of evidence indicating that flocculation is
also promoted by magnesium ions and dipositive ions of transition metals,
such as manganese, iron, cobalt, nickel, zinc, copper and cadmium (Jansen
and Mendlik, 1951, 1953; Lindquist, 1953; Eddy, 1955¢; Harris, 1959; Stewart
and Garrison, 1972; Patel and Ingledew, 1975; Stewart, 1975; Stewart and
Goring, 1976; Miki et al., 1982; Raspor, Russell and Stewart, 1990a, b).
Flocculation has also been shown in buffer alone (Nishihara, Toraya and
Fukui, 1982; Stratford, 1989c). The response of flocculation to cations
appears to be dependent on the strain and also on pH value (Porter and
Macauley, 1965; Miki ef al., 1982).

Washing the ionic fractions derived from the growth medium from floccu-
lent cells is obviously a prerequisite for determining the effects of salts.
Flocculated cells of some strains may be dispersed by washing with distitled
water (Jansen and Mendlik, 1951), while other strains were not (Eddy,
1955a). Strains unable to be deflocculated by water alone have been shown to
be dispersed by ion chelation with EDTA (Taylor and Orton, 1973; Stewart,
1975; Stewart et al., 1976). Dispersal by ion chelation was shown to be fully
reversible by addition of further calcium, manganese or magnesium ions.
More recently, the possibility was raised that some cations were not washed
from cells, but remained attached to cell walls (Kihn, Masy and Mestdagh,
1988). Finally, it has been demonstrated (Stratford, 1989c¢) that intracellular,
or bound, calcium ions were readily released from EDTA-washed cells when
they were placed in any of a number of butfers or salt solutions. Clearly ionic
leakage from within cells makes it very difficult to determine which ionic
species are directly required for flocculation.

However, there is some clear evidence suggesting a specific requirement
for calcium ions in flocculation. The group 2a elements (analogues of
calcium) strontium and barium competitively inhibit the promotion of floccu-
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lation by calcium (Taylor and Orton, 1975; Nishihara, Toraya and Fukui,
1982; Stratford, 1989¢c; Kuriyama, Umeda and Kobayashi, 1991). Moreover,
sodium ions also competitively inhibit flocculation (Mill, 1964b; Stewart and
Goring, 1976; Nishihara, Toraya and Fukui, 1982; Stratford, 1989¢c). The
almost identical crystal ionic radii of calcium and sodium are worth noting at
this point. The amount of calcium salts required to induce flocculation are
extremely small (107 M; Taylor and Orton, 1975), suggesting a direct role for
calcium. A final piece of evidence that magnesium at least does not directly
induce flocculation was provided using EGTA (Stratford, 1989c¢), a chelating
agent with a much higher affinity for calcium over magnesium. At concentra-
tions of EGTA where all calcium was chelated, leaving magnesium ions free
in solution, no flocculation occurred. This shows that magnesium ions do not
induce flocculation. While this last test is only directly applicable to magne-
sium, it does suggest, together with the other evidence, that calcium jons are
specifically required for flocculence. Flocculent cells of Kluyveromyces bul-
garicus (Hussain et al., 1986), Saccharomycodes ludwigii (Stratford and
Pearson, 1992), Schizosaccharomyces pombe (Johnson et al., 1988) and
Zygosaccharomyces sp. (Suzzi and Romano, 1990) have all been shown to be
dispersed by EDTA treatment and to be reflocculated again by further
addition of calcium ions, suggesting that calcium requirement is a general
characteristic of veast flocculation.

In addition to this requirement for calcium ions at very low concentrations
(Taylor and Orton, 1975), at high concentration a number of salts inhibit
flocculation. (Calibo, Matsumura and Kataska, 1989; Kida et al., 1989;
Menawat and Castellon-Vogel, 1989; Castellon-Vogel and Menawat, 1990;
Stratford and Brundish, 1990; Raspor, Russell and Stewart, 1990a, b).
Inhibitions were caused by cations of many salts, including calcium, and
effects of different cations were additive with small, highly charged ions being
most cffective. It has been suggested that this high salt concentration
inhibition is chaotropic in nature and is the result of protein distortion caused
by highly charged ions and by protein dehydration (Stratford and Brundish,
1990). The effect varied considerably with the pH value.

pH Value

It is generally accepted that flocculation of yeasts can occur across a wide
range of pH values, between pH 1-5 and 9-0 (Stratford, Coleman and
Keenan, 1988), with pH optima between pH 3-5 and 4-5 (St Johnston, 1953;
Mill, 1964b; Williams and Wiseman, 1973b). A very low pH value causes
dispersion of flocs of S. cerevisiae (Stratford, Coleman and Keenan, 1988;
Menawat and Castellon-Vogel, 1989; Teixeira and Mota, 1990) and .
ludwigii (Stratford and Pearson, 1992). This effect is immediately reversible,
by raising the pH value.

It was once widely held that pH value was important in determining
flocculation in wort (McCandlish and Hagues, 1929; De Clerck, 1930;
Malkow, Petina and Zwetkowa, 1933; Malkow, 1934; Hennig and Ay, 1938).
This view has now fallen into disfavour and pH is no longer regarded as being
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a determining factor in flocculation under brewery conditions (Gilliland,
1951; Jansen, 1958).

However, given more satisfactory methods of measuring flocculation that
are not influenced by pH effects on yeast surface charge (Stratford and
Keenan, 1988; Stratford, Coleman and Keenan, 1988), a number of yeast
strains have come to light with a narrow pH window in which flocculation
does occur (Figure 5; M. Stratford, unpublished results). These brewery ale
strains, a subgrouping of the NewFlo phenotype (Stratford and Assinder,
1991), show normal low pH inhibition of flocculation but are also reversibly
inhibited above pH 5-6. This limited pH flocculation explains why so many
ale strains will not flocculate in defined media or YEPD media (Stratford and
Assinder, 1991). The pH value in unbuffered defined media commonly falls
below pH 2.0 and YEPD varies from pH 6-5-pH 5-5. Kamada and Murata
(1984a) similarly reported a strain that dispersed above pH 5-5. Clearly the
original reports that no flocculation in brewing liquor was found if the pH
value was greater than 5-7 (McCandlish and Hagues, 1929) are to be believed
after all. (He who laughs last, laughs longest.)

Temperature

Temperature does not seem to play a significant part in yeast flocculation.
Although flocculent yeast cells are usually at 25°C, normal flocculation
occurred in cells at temperatures down to 4°C (Stratford, Coleman and
Keenan, 1988). Stewart, Russell and Goring (1975b) reported little effect of
temperature on flocculation in yeast cells grown at temperatures between 15
and 32°C. However, at higher temperatures (50-60°C) flocs have been
reported to be thermally dispersed (Mill, 1964b). This effect was used by
Taylor and Orton (1975) to provide a measure of flocculation. Similar
dissociation of flocs has been shown in Kluyveromyces bulgaricus (Hussain et
al., 1986). The temperature at which flocs ‘melt’ has been regarded as
evidence of hydrogen bond involvement in binding flocculent cells together.
It is also consistent with hydrogen bond involvement in lectin-sugar binding
(Quiocho, 1986).

Ethanol

While most brewing strains of S. cerevisiae are able to flocculate in buffer and
certain salts, a small minority of strains have been found which only flocculate
in the presence of ethanol (Eddy, 1955¢, Hough, 1957; Mill, 1964a; Patel and
Ingledew, 1975; Amory, Rouxhet and Dufour, 1988). Only very low concen-
trations of ethanol are required, e.g. 0-1% {(Amory, Rouxhet and Dufour,
1988). Flocculation of strains Candida sp. and Kluyveromyces marxianus has
also been reported to occur only in the presence of ethanol (Shieh and Chen,
1986).
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Figure 5. Effect of pH value on flocculation of Saccharemyces cerevisiae S646-1B (Flol
phenotype, O) and Saccharomyces cerevisiae NCYC 1190 (Narrow pH range NewFlo phenotype,
®). Yeast cells were placed in buffer containing calcium chloride, 50 mM, and agitated at
100 rpm for 4-6 h.

INDIRECT EFFECTORS OF FLOCCULATION

The development of flocculation in yeast appears to be a metabolic process
involving synthesis of surface proteins which can be inhibited by cyclohexim-
ide or tunicamycin (Baker and Kirsop, 1972; Stewart, Russel} and Garrison,
1973, 1990; Nishihara, Toraya and Fukui, 1976b; Lands and Graff, 1981).
Clearly, any factors involved in the nutrition or general health of yeast cells
are likely to have an indirect or knock-on effect on flocculation. It is difficult,
therefore, to relate factors involved with the development of flocculation to
definite roles in causing flocculation, or in the flocculation process itself. For
example, alterations of pH value may have a direct effect on flocculation, an
indirect effect via yeast health, or other effects by altering the rates of uptake
of other yeast nutrients. The presence of several Inorganic salts in the growth
media has been associated with the ability of yeast strains to develop
flocculation. Magnesium ions (Nishihara, Toraya and Fukui, 1976b) have
been shown to be essential for the formation of flocculation as has the ratio of
calcium to potassium jons in the media (Amri et al., 1982}. Phosphate was
reported necessary by Eddy and Rudin (1958b), although Nishihara, Toyara
and Fukui (1976b) reported poor flocculation using ammonium phosphate
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rather than ammonium sulphate as a nitrogen source. Ammonia and nitrogen
sources have been widely reported to be involved in flocculation. Beer worts
containing high assimilable nitrogen cause delayed and poor flocculation
(Devreux, 1962; Baker and Kirsop, 1972; Stewart, Russell and Goring,
1975b), an effect refated to ammonium ions or basic amino acids (Mill, 1964a;
Stewart, Russell and Garrison, 1973). Repression of flocculation in NewFlo
phenotype brewing strains by ammonia has been reported (Stratford, 1989b).
In contrast, early flocculation was reported in inositol-deficient media (Nish-
ihara, Toyara and Fukui, 1976b), together with a requirement for glucose.
Lands and Graff (1981) described flocculation in media where unsaturated
tatty acids were lHmiting. Clearly much work has yet to be done to show which
media factors are universally applicable to flocculation and which are
idiosyncratic effects of individual yeast strains.

Environmental parameters, such as the pH value of the growth medium,
temperature and degree of aeration have also been cited as important for
flocculation expression by yeast. Low pH values of <34 in the growth media
have been found to be antagonistic to flocculation (Porter and McCauley,
1965; Nishihara, Toraya and Fukui, 1976a). Flocculation in some yeast strains
is temperature sensitive (Lund, 1951; Lindquist, 1953; Holmberg and
Kielland-Brandt, 1978); for example a brewing strain floccutated when grown
at low temperature but failed to at 25°C (Lund, 1951). The effects of aeration
on flocculation are controversial. Most reports indicate that aeration pro-
motes flocculation (Scriban, 1962; Miki, Poon and Seligy, 1982; Ramirez and
Boudarel, 1983; Kamada and Murata, 1984a, b; Johnson et al., 1987).
Gilliland (1951), however, found that by aeration had no effect, while
Holmberg and Kielland-Brandt (1978) and Soares, Teixeira and Mota (1991)
found high aeration to inhibit flocculation. These contradictory results may
reflect the different yeast strains used or variations in other culture condi-
tions. Premature flocculation may also be caused by aeration (Piendl, 1969a,
b). These results must be treated with a degree of caution since aeration is
often associated with increased agitation, which has an entirely separate
physical effect on flocculation (Stratford and Keenan, 1987).

There are a number of reports suggesting that mitochondrial function may
be important in the expression of flocculation (Stewart et af., 1976; Stewart
and Russell, 1976, 1977; Holmburg, 1978; Evans et al., 1980). Of 125 petite
strains examined (Holmburg and Kieiland-Brandt, 1978), 109 showed reduc-
tion or loss of flocculence. Carcinogens acting on mitochondria were shown to
cause flocculation loss (Egilsson, Evans and Wilkie, 1979) and antibiotic-
resistant mitochondrial mutants also showed flocculation loss (Spencer et al.,
1981). However, Nishihara, Toraya and Fukui (1976b) used chloramphenicol
without effect, showing that mitochondrial function was needed for floccula-
tion, not mitochondrial protein synthesis. The mitochondrial genes involved
in flocculation were investigated by Esser, Hinrichs and Kues (1987) and
Hinrichs, Stahl and Esser (1988). Simultaneous deletion of two mitochondrial
sites caused flocculation loss: these were ofil and oxi2, coding for the
oligomycin-sensitive ATPase and cytochrome oxidase, respectively. Mito-
chondria have been shown necessary for secretion of a number of proteins,
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including glucoamylases, wall proteins and permeases (Gyllang and Martin-
son, 1972; Calleja, 1973; Spencer et al., 1981; Wilkie and Nudd, 1981; Calleja
et al., 1986). It has been proposed that mitochondrial involvement in
flocculation is mediated via a mitochondrial effect on the secretory pathway,
rather than specifically on flocculation itself (Stratford, 1992b).

There have been a number of reports concerning the influence of various
‘wort factors’ on flocculation (Kudo, 1952, 1959; Kudo and Kujima, 1960;
Morimoto ef al., 1975; Fujino and Yoshida, 1976; Herrera and Axcell, 1989,
1991a, b). These wort factors are generally large, complex carbohydrates, but
a ‘peptide inducer’ from wort, peptone and gelatin has also been reported
necessary for flocculation of some strains (Stewart, 1972, 1975; Stewart and
Garrison, 1972; Stewart, Russell and Garrison, 1973; Stewart, Russell and
Goring, 1975b). These high molecular weight compounds are unlikely to be
transported into yeast cells and have been shown to adhere to cell walls
(Fujino and Yoshida, 1976; Bowen and Cooke, 1989; Herrera and Axcell,
1991a, b), suggesting a direct interaction in the flocculation process.

PHYSICAL EFFECTORS OF YEAST FLOCCULATION

The physical process by which ‘sticky’ yeast cells adhere together in yeast
flocculation is a process that has much in common with aggregation of other
particles, both biological and inorganic. Much work has been done, in
particular concerning the aggregation of colloidal particles, aggregates that
are now recognized as fractal (reviewed by Meakin, 1988). Despite major
differences in the chemical composition of particles and different forces
involved in adhesion, the high degree of similarity between different aggre-
gates and in the processes forming them has led to the concept of ‘universal-
ity of aggregates and the aggregate-forming processes (Lin et al., 1989). To
what extent does the aggregation of yeast cells into flocs relate to this theme
of physical aggregation?

‘The three principal interrelated factors governing the physical process of
yeast flocculation are pH value, salt concentration, and cell-wall composition.
Together they determine the yeast surface charge (Brohult, 1951; Wiles,
1951; Jansen and Mendiik, 1951, 1953; Amory, Rouxhet and Dufour, 1988;
Bowen and Cooke, 1989). Yeast cells have least surface charge at the
isoelectric point, between pH 2 and 3-2 (Fisher, 1975; Jayatissa and Rose,
1976; Beavan et al., 1979). In order for yeast cells to become bonded together
in flocs, they must first make physical contact. But the yeast surface charge
causes cells to remain dispersed by repulsion between like charges (Rose,
1984). In order for flocculation to occur, this like-charge repulsion must be
overcome by physical agitation of the yeast suspension (Stratford and
Keenan, 1987, 1988; Amory, Rouxhet and Dufour, 1988; Kihn, Masy and
Mestdagh, 1988a, b; Stratford, Coleman and Keenan, 1988; Stratford,
1989a). In physical terms, this is described as orthokinetic aggregation
(Tuorila, 1927; Overbeek, 1952; Yusa, 1977), as opposed to perikinetic
aggregation, where particles collide due to thermal agitation — Brownian
motion. Yeast cells, at 5 pm diameter, are too large to be affected by
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Brownian motion. The normal size transition between Brownian motion and
physical agitation has been calculated as being circa 1 um {von Smolu-
chowski, 1917; Camp and Stein, 1943; Overbeek, 1952; O’Melia, 1972; Yusa,
1977). The effects of agitation on yeast flocculation are fully expounded by
Stratford (1992b).

The process by which flocs of millions of cells are built from single cells was
first suggested by the observation that the rate of flocculation was directly
proportional to the square of the cell concentration (Stratford and Keenan,
1987). This is described by physical chemists as a second-order reaction
(Barrow, 1973), where the rate-limiting step is the meeting of two identical
particles. It was suggested (Stratford, 1992¢) that flocs were built up from
collisions of similar sized particles (Figure 6). Single cells collide to form
doublets, which collide to form fours, eights, sixteens, etc., with the rate-
limiting step being the initial meetings of single particles. This is termed a
hierarchical model by colloidal physicists (Ball and Witten, 1984; Botet,
Jullien and Kolb, 1984; Jullien, 1984; Jullien, Kolb and Botet, 1984) and
describes an iterative cluster—cluster form of aggregation. It has also been
termed ‘Sutherland’s ghost’ (Witten and Cates, 1986) after the original
theoretician (Sutherland, 1967).

The cluster—luster method of aggregate formation is preserved within the
structure of yeast flocs. When bigger clusters aggregate, the void spaces
between them also get bigger. Thus floc particles become progressively less
dense as they increase in size (Brohan and McLoughlin, 1984; Davis and
Hunt, 1986; Logan and Wilkinson, 1991). Flocculated yeast particles are in
fact a form of fractal structure. Fractal geometry is a natural description for
disordered objects (Schaefer, 1989), often with sprawling, tenuous structures,
that are self-similar on all scales. Fractals show the same structure patterns
over and over again at different magnifications (Sander, 1987; Davey and
Markx, 1990; Mandelbrot, 1990}.

The proportion of void space in a fractal, in relationship to the particle size,
gives a figure known as the Fractal Dimension. Solid objects with no void
spaces have a fractal dimension of 3 (in Euclidean geometry). As the
proportion of void space within flocs increases, the fractal dimension becomes
progressively lower. Yeast flocs have been found experimentally to have a
fractal dimention of 1-79 (Davis and Hunt, 1986). This indicates a very high
proportion of void space within flocs and is consistent with a cluster—cluster
mechanism of aggregation (Jullien, Kolb and Botet, 1984; Weitz ef al., 1984,
Meakin, Chen and Deutch, 1985) dominated by collisions between clusters of
roughly equal size (Ball and Witten, 1984; Botet, Jullien and Kolb, 1984;
Jullien, Kolb and Botet, 1984; Witten and Cates, 1985).

In practical terms, it is recognized that fractal aggregates tend to be
delicate, temuous structures, and that rearrangements, restructuring and
annealing of aggregates are likely to progressively increase the fractal
dimension after aggregate formation {Schaefer er al., 1984; Aubert and
Cannell, 1986; Witten and Cates,, 1986). In real aggregates, this process is
termed syneresis, the compaction and consequent exudation of water from
flocs (Stevenson, 1972; Yusa, 1977). This is a process easily observed with
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Figure 6. Hierarchical model of yeast flocculation (Sutherland’s ghost). Flocs are built up
through successive collisions between similar-sized particles, thus approximately doubling floc
size at each stage. The rate-limiting steps are first collisions, where single cells combine to form
doubles. This method of formation is reflected in the eventuat cluster—cluster fractal structure of
flocs.

yeast flocculation. When first formed, yeast flocs are open, tenuous struc-
tures, hence the derivation of the word ‘flocculate’ from the Latin floceus | a
tuft of wool (Stewart and Russell, 1987). These tufts are rapidly and
progressively compacted until floc-pellets of close-packed yeast are formed
(Stratford, 1989a). This can occur as a result of either agitation or by gravity
compressing the flocs. Figure 7 shows the results of an experiment where the
volume of a known amount of flocculated yeast is recorded with time.
Newly-formed flocs occupy a large volume, but progressively compact while
standing under gravity. Flocs agitated before standing are compressed by the
agitation and consequently compact more slowly. Under prolonged agitation,
flocs become sufficiently dense such that they do not compress further under
gravity. Compression results in a progressive increase in the yeast-floc fractal
dimension, which may account for the high values recorded by Logan and
Wilkinson (1991). There is 2 commonly used test for yeast flocculation in
British Breweries called the Burns or Helms test (Burns, 1937; Helm, Nohr
and Thorne, 1953; Greenshields er al., 1972), where flocculation is assessed
by the volume occupied by flocs after standing for 10 min. Figure 7 clearly
demonstrates why these tests should be regarded as qualitative rather than
quantitative measurements of yeast flocculation (Stratford and Keenan,
1988).

Given that yeast flocculation is an example of agitation-dependent aggrega-
tion, due to the size of particles and the surface charge, it is highly probable
that aggregation or adhesion of other similar-sized particles will also be
agitation-influenced (Stratford and Wilson, 1990). Almost all biological cells
are far larger than 1 pm and surface charge has been implicated in aggrega-
tion of bacteria (Ofek and Beachey, 1980; Unz, 1987), erythrocytes (Jan and
Chien, 1973a, b), animal cells (Aunins and Wang, 1989) and in the adhesion
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Figure 7. (A) The combined effect of progressive agitation and compression by gravity on yeast
floc volume. Immediately after calcium addition to initiate flocculation, the flocs are loose, open
structures, occupying a large volume that is progressively diminished by compression under
gravity (B, O), or by agitation (C, @) which causes collisions between flocs that gradually
compress their structures. After many hours agitation, flocs become close-packed and incom-
pressible even by mild centrifugation.

of bacteria to animal cells (Heckels e al., 1976; Watt and Ward, 1980; Read,
1989). It would therefore seem likely that some aspects of the ‘universality’
used to describe colloidal aggregations (Lin ef al., 1989) can also be extended
to biological cell—cell interactions.
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Structure and composition of the yeast cell wail

The nature of the yeast cell wall is important in flocculation. Not only are cell
walls physically bonded to each other in this process, but the bonding
mechanism, once established, remains a property of isolated walls (Eddy,
1955¢; Masschelein and Devreux, 1957). A knowledge of the yeast cell wall
structure and composition will clearly assist in determining which cell wall
components participate in the bonding process.

The structure of yeast cell walls has been most fully explored in Saccharo-
myces cerevisiae and has recently been reviewed by Fleet (1991). The cell wall
in S. cerevisiae consists largely of B-glucan and «-mannan, together with
smaller proportions of chitin, protein (Griffin and MacWilliam, 1969) and
possibly lipid (Fleet, 1991). Other yeasts contain different complex carbohy-
drates, for example galactan in Schizosaccharomyces pombe (Tkacz, Cybul-
ska and Lampen, 1971; Barkai-Golan and Sharon, 1978). In S. cerevisiae,
inscluble fibrils of B-glucan constitute an inner layer (Kopecka, Phaff and
Fleet, 1974}, a skeletal structure to which mannoproteins (mannan) and
amorphous B-glucans are attached. Wall mannan and proteins are inextrica-
bly linked in covalent complexes. Cell wall mannan can be regarded as
secreted glycoproteins, which are not released but anchored to the cell wall
(Zlotnik er al., 1984; Murgui, Elorza and Sentandreu, 1985). Two classes of
wall mannoproteins have been recognized: wall enzymes, containing 50-70%
mannan; and structural mannoproteins, containing 90% mannan (Ballou and
Raschke, 1974; Frevert and Ballou, 1985). The structures of wail Mannopro-
teins, essentially similar to secreted glycoproteins, have been extensively
studied (Ballou, 1976; Cohen, Zhang and Ballou, 1982; Fleet, 1991). An
inner core of 11-15 mannose residues is N-glycosidically linked to protein
asparagine residues (Figure 8} via a diacetylchitobiosyl unit (Ballou, 1976).
To this highly conserved inner core an outer chain of up to a further 150
mannose residues is attached (Cohen, Zhang and Ballou, 1982). Thus the
bulk of celi wall mannan consists of outer-chain glycosylation. In addition,
short mannan chains are directly O-glycosidically linked to protein serine and
threonine residues. The outer-chain mannan consists of a long «-(1-6) linked
backbone, to which are attached, with a-(1-2) linkage, short side-branches of
1--3 mannose residues (Figure 8). Phosphate groups have been reported to be
present in the mannan structure (Northcote and Horne, 1952; Lindquist,
1953; Eddy, 1958b) and found to form the attachment of a small minority of
mannan side-branches (Ballou, 1976).

Amorphous B-glucans are also present in the cell wall and have been
implicated in the attachment of mannoproteins to the cell wall glucan fibrils
(Blagoeva, Stoev and Venkov, 1991; van Rinsum, Klis and van den Ende,
1991). Chitin, linear chains of $-(1-4) linked N-acetyl glucosamine residues,
may be a minor component of cell walls (Tronchin ef al., 1981), but it is an
integral part of yeast bud-scars (Cabib and Bowers, 1971).
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Chronology of theories of flocculation mechanism

The theories as to the mechanism by which yeasts flocculate are many and
varied. In the past these theories were frequently those that were generally
fashionable at the time, adjusted to fit flocculation; regrettably, the facts of
flocculation were frequently adjusted to fit these fashionable theories! Our
currently fashionable theory of flocculation, the lectin theory, appears to fit
easily with all the known facts, yet the possibility remains that in the future
this theory, too, will appear as naive and archaic as some of those listed here.
Many of the early references cited here on flocculation mechanisms are
abstracted from an excellent review by Jansen (1958).

The chemical precipitation theory described the flocculating action of
chemical precipitates on yeast (Holderer, 1901; Lange, 1901), in this instance
aluminium hydroxide, as is currently used in the purification of drinking
water (TeKippe and Ham, 1971). Schonfeld and Krumhaar (1918b) were of
the opinion that calcium phosphate precipitation was involved. Chemical
precipitation undoubtedly removes particulate material, such as yeast
(Bentham et al., 1990), but is not flocculation as defined here.

The symbiotic theory of flocculation suggested the adhesion to yeasts by
other organisms, usually bacteria. Barendrecht (1901) reported yeast aggre-
gated by Leuconostoc agglutinans. Other lactic acid bacteria have also been
shown to flocculate yeast (Malkow, 1934; Momose, Iwano and Tonoike,
1969; Yokoya and de Oliva-Neto, 1991). Flocculation of non-flocculent yeast
may be caused by bacterial flocculent substances {Kurane, Takeda and
Suzuki, 1986), mucillage (Beijerinck, 1908), lectins (Eshdat, Speth and Jann,
1981; Sharon et al., 1981; Firon, Ofek and Sharon, 1982) or pili (Ogden and
Taylor, 1991). Flocculent yeasts, on the other hand, have been shown to bind
a variety of bacteria (White and Kidney, 1979; Stewart and Russell, 1987). It
has, however, long been recognized that bacterial contamination is not the
sole cause of yeast flocculation (Beijerinck, 1908).

The enzyme theory (Lange, 1907) suggested adhesion between yeast cells
by an adsorbed layer of proteins on yeast cell walls. Non-flocculent yeasts
were rich in peptidases, which dissolved this precipitate and thus prevented
flocculation.

The colloidal theory of flocculation (Luers and Heusz, 1921; Geys, 1922)
suggested that, like colloidal particles, yeast cells were maintained in suspen-
sion by their surface charge. Neutralization of this charge by salt addition or
pH change causes rapid aggregation of colloids (Kruyt, 1952) and the
importance of salts to flocculation suggested a similar mechanism. The onset
of flocculation was thought to be associated with neutralization of surface
charge. However, yeasts do not lose their surface charge during fermentation
(Wiles, 1951; Jansen and Mendlik, 1951), and neither do they flocculate when
the surface charge is artificially neutralized (Eddy and Rudin, 1958b; Fisher,
1975). .

The coated yeast theory (Ranken, 1927; Ranken and Bell, 1928) involved
adhesion of various materials from the medium to yeast cell walls. Addition
of calcium phosphate and peptone tannins aided this process. More recently,
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Bowen and Cooke (1989} have shown binding of wort components to cell
walls, and wort peptide inducer has been shown to be necessary for
flocculation of some strains (Stewart, Russell and Garrison, 1973, 1975). Such
yeast coatings, however, cannot account for the flocculation of many yeast
strains in totally synthetic media (Stratford and Assinder, 1991).

The calcium bridging theory is based largely on recognition of the impor-
tance of calcium ions in flocculation (Harris, 1959; Mill, 1964b). It was
proposed that bivalent calcium ions formed bridges linking cells, supported
by hydrogen bonding. Hydrogen bonding was inferred from the floc dissocia-
tion temperature (Mill, 1964b). The most probable sites for linkage by
calcium bridging were thought to be carboxyl groups, present on surface
proteins. Chemical modification of these groups by 1,2-epoxypropane abol-
ished flocculation (Mill, 1964b; Jayatissa and Rose, 1976). Phosphodiester
groups present in the yeast wall mannan were also suggested as sites for
calcium bridging (Lyons and Hough, 1970a, b; 1971). This latter hypothesis
was less likely in view of the lack of any correlation between wall phosphate
content and flocculation (Griffin and MacWilliam, 1969; Jayatissa and Rose,
1976; Stewart et al., 1976; Beavan ef al., 1979). The calcium bridging
hypothesis has now been largely superseded by the lectin theory, since this
latter theory is able to account for the observed sugar inhibitions of
flocculation.

The lectinilectin-like theory of flocculation was presented and fully
expounded in its present form by Miki er al. (1981, 1982; Miki, Poon and
Seligy, 1982). This proposes highly specific bonding between proteins (lec-
tins) on flocculent cells, and the sugar residues intrinsic to the mannan which
makes up the cell walls. The basis of this theory was determined, however,
many years earlier. The discovery of mutual flocculation — non-flocculent
strain pairs able to flocculate when mixed (Eddy, 1957, 1958a; Hough, 1957)
— suggested that the flocculation bond had two non-identical parts (Eddy and
Rudin, 1958a). It was also suggested from use of a protease, papain, and the
observed inhibition by mannose, that these two parts were cell wall proteins
and mannan (Eddy and Rudin, 1958a; Rainbow, 1966). Identification of
specific inhibition by mannose (Taylor and Orton, 1978} also led to a
suggestion of protein-carbohydrate bonding. The essential role of calcium
ions has been suggested as one of maintaining surface lectins in an active
conformation (Miki et al., 1981, 1982; Miki, Poon and Seligy, 1982), as has
been shown in other lectins (Sharon and Lis, 1972). It was also demonstrated
(Miki ef al., 1981, 1982) that treatment of flocculent yeast with proteases,
while irreversibly inhibiting flocculation, did not prevent these same cells
from being co-flocculated by other flocculent yeasts. Protease treatment
removed the lectin adhesins but not the carbohydrate receptors.

The phenomenon of heterologous flocculation, flocculation between unlike
particles, is superficially complex, largely due to difficulties in terminology,
Mutual flocculation (Eddy, 1957; 1958a; Hough, 1957) was first used to
describe two weakly or non-flocculent strains able to flocculate strongly when
mixed. This can be most easily explained by one of each strain pair having
surface adhesins (lectins) and the other having receptors. This phenomenon
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was found to be calcium-dependent and protease-sensitive, but is here
described as co-flocculation (Stewart, 1972; Stewart and Garrison, 1972;
Stewart, Russell and Garrison, 1973, 1975). A related phenomenon describes
the adhesion of non-flocculent yeasts to fully flocculent yeast cells. The
non-flocculent particles usually possess receptors only, and flocculent yeasts
adhere to them in a one-way bonding (Stratford, 1992b). This has also been
calied co-flocculation by Miki et al. (1981, 1982) and mutual flocculation by
Curtis and Wenham (1958). A terminology has been proposed (Stratford,
1992b) where aggregation between pairs of non-flocculent strains is called
mutual flocculation, and co-flocculation describes the adherance of non-
flocculent yeast cells to flocculent yeast.

The lectin theory of yeast flocculation, of course, refers to the mechanism
of yeast flocculation rather than implying that one lectin is involved. On the
contrary, there is evidence that in Saccharomyces cerevisiae there are two
distinct lectin mechanisms of flocculation: the Flol and NewFlo phenotypes,
which involve mannospecific and gluco/mannospecific lectins, respectively
(Stratford, 1989b; Masy et al., 1990; Stratford and Assinder, 1991). Other
lectin types, often fucose/galactose specific, have been implicated in the
flocculation of other yeast genera (Table 1). Clearly, lectin-mediated aggre-
gation of yeasts appears to have broader significance than merely to brewing
strains,

Lectin adhesins in general and in flocculation

Lectins are a class of proteins, usually glycoproteins, that bind to specific
sugars. This binding could be likened to the binding of an enzyme to a
substrate without subsequent substrate modification. Lectins were originally
defined (Goldstein e al., 1980) as being able to agglutinate animal or plant
cells and/or polysaccharides, glycolipids and glycoproteins, with at least two
saccharide-binding sites. However, this definition needed modification after
the discovery of extensive structural homologies between lectins and one-
binding-site proteins. A lectin was redefined (Barondes, 1988) as: ‘A carbo-
hydrate binding protein other than an enzyme or antibody’.

The term lectin, coined by Boyd and Shapleigh (1954} from the Latin
legere, to pick out, or choose, is entirely appropriate to the high specificity
shown by lectins for their substrates.

Superficially similar lectins can distinguish extremely subtle variations in
polysaccharides (Debray et al., 1981) and the specificity shown by lectins for
carbohydrates has been described as equalling or bettering that shown by
antibodies for antigens (Sharon and Lis, 1972; Kabat, 1978; Doyle and
Slifkin, 1989). Lectins are not antibodies, but an entirely separate group of
metailoproteins (Kabat, 1978).

Lectins are generally multi-subunit proteins, with one saccharide-binding
site per unit (Lis and Sharon, 1986), able to agglutinate cells as dimers or
tetramers due to the carbohydrate binding sites at the ends of subunits
(Carber, MacKenzie and Hardman, 1985). Two classes of lecting were
recognized by Drickamer (1988), S-type and C-type. The more common
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C-type requires metallic ions bound before active correct conformation.
Those ions are calcium and manganese (Sharon and Lis, 1972). Detailed
studies of concanavalin A structure have shown the Ca®* and Mn>* binding
sites to be close to the saccharide-binding site (Blake, 1975; Einspahr et af.
1988). These Ca**/Mn** binding sites are highly conserved protein sequences
(Lis and Sharon, 1986). While calcium ions are clearly necessary for floccula-
tion (Taylor and Orton, 1973, 1975; Stratford, 1989c; Kuriyama, Umeda and
Kobayashi, 1991), no absolute requirement for manganese has been found.
One possible explanation for this is that manganese ions are not washed off
flocculent cells. It has been shown that Mn** fits before Ca®* in the
concanavalin A structure (Hardman and Ainsworth, 1972) with very much
higher affinity (Kalb and Levitzki, 1968) and is therefore less likely to be
removed. Low pH was found to inhibit concanavalin A by removal of calcium
ions (McKenzie, Sawyer and Nichol, 1972) in a very similar fashion to that
observed in flocculation. The high specificities of lectins for substrates were
originally determined by sugar inhibitions (Goldstein, Hollerman and Smith,
1965; Smith and Goldstein, 1967}, where modification of even single hydroxyl
groups in sugar structures completely abolished recognition by lectins (Gold-
stein, Hollerman and Smith, 1965; Sharon, Firon and Ofek, 1983; Quiocho
and Vyas, 1984). While lectins can be inhibited by solutions of simple sugars,
it was recognized that lectins have more extended binding sites, three or more
residues in length (So and Goldstein, 1968; Firon, Ofek and Sharon, 1982).

Lectins are found widespread throughout the plant and animal kingdoms in
seemingly disparate and obscure roles. However, throughout their diverse
application, lectins appear to play an integral part in cellular recognition and
adhesion phenomena (Quiocho, 1986). They have been implicated in
sperm—egg recognition, in aggregation of slime moulds, lymphocytes, marine
sponges and embryonic differentiation (Phillips and Gartner, 1980; Bar-
ondes, 1981; Brandley and Schnaar, 1986). Other functions ascribed to lectins
are recognition and targeting by certain toxins (van Heyningen, 1974) and
mitogenic effects (Reeke e al., 1974). A recent suggestion (Isla, Vattuone
and Sampietro, 1991) has been made that lectins act as modifiers of enzyme
activity of glycoproteins by binding to the carbohydrate residues.

In micro-organisms, however, lectins play a key role in the recognition of
host cells by pathogens and subsequent attachment of pathogens to host cells
(Sharon er af., 1981; Lis and Sharon, 1986). This has been shown in bacteria
(Firon, Ofek and Sharon, 1982; Sharon, Firon and Ofek, 1983), viruses
(Markwell, 1986; Gattegno et al., 1989), amoebae (Mirelman, 1987), phago-
cytes {Ofek and Sharon, 1988) and yeasts (Douglas, 1985). Of more than 100
micro-organisms with surface lectins described (Mirelman and Ofek, 1986),
more than 90% had pathogenic potential.

How, then, does yeast flocculation fit in with these generally pathogenic
and aggressive uses of lectins by micro-organisms? In a recent paper
(Stratford, 1992a), it was speculated that flocculation lectins may originate
from an infective agent of yeast rather than from the yeasts themselves, thus
accounting for the targeting of these lectins towards the yeast cell wall, rather
than a potential host cell. An association between flocculation and the
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double-stranded RNA killer L virus of yeast (Stratford, 1992a) has been
reported. Viral coat and spike proteins are known to have lectin activity
{Markwell, 1986) and to be able to flocculate erythrocytes.

Flocculation lectins are probably highly glycosylated wall proteins, judging
by the observed effect of tunicamycin (Stewart e al., 1990). They may be
attached to the wail by lectin—carbohydrate binding or be anchored to the wall
(Figure 9}, as has been reported for wall enzymes (Pastor, Herero and
Sentandreu, 1982). Trypsin-digested flocculent Saccharomyces cerevisiae cells
were found to release a substance, YCSS, that caused aggregation of
non-flocculent yeasts (Kamada and Murata, 1984a, b, c¢). YCSS proved on
analysis to be a mannoprotein (Kamada and Murata, 1984b) and caused
aggregation that was both maltose-inhibited and calcium-dependent. This
indicates that flocculation lectins are probably multimeric, since only multi-
meric forms of lectin would be able to bridge between cells (Figure 9). A
similar surface protein extracted from flocculent yeast by Kijima (1964) was
also found to cause aggregation.

Lectin

attachment Wall
anchor

*

X Bivalent lectin

_\_ ,H_ att7hm\ents

Anchored Lectins

X
vy
e

S S

Free Lectins

Figure 9. Two possible mechanisms of lectin bonding between yeast cells. Free bivalent lectins
can be released from cells and bond to two cells by lectin action. Alternatively lectins may be
anchored in the cell walt and only bond to one cell by lectin attachment.

The structural flocculation lectins of S. cerevisiae have not, to date, been
isolated and characterized. Attempts have been made to isolate these surface
proteins by comparing similar and isogenic pairs of flocculent and non-
flocculent strains. A polypeptide of 13 kDa was found in alkaline extracts of
flocculent cells (Holmberg, 1978). Stewart et al. (1976) reported a larger
protein, 37 kDda, while Miki, Poon and Seligy (1982} found only minor



310 MALCOLM STRATFORD

differences between flocculent and non-flocculent cells. Similarly, no differ-
ences were found in polyacrylamide gel electrophoresis (PAGE) patterns of
cell wall proteins of Saccharomyees uvarum before and after expression of
flocculence (Teixeira et al., 1991). However, a new surface protein of M,
13 000 was found in a non-flocculent strain, transformed to flocculence by the
gene FLOI (Watari er al., 1987).

In contrast to the flocculation lectins of §. cerevisiae, the lectins associated
with Kluyveromyces bulgaricus flocculation have been isolated and character-
ized (Al Mahmood et al., 1988, 1991). Lectins were released free into the
media or after washing with galactose (Al Mahmood et al., 1988; Giumelly e
al., 1989) and were found to be heat-stable and pronase-resistant. EDTA
washing yielded two more galactose-specific lectin forms, a dimer and an
octamer (Al Mahmood et al., 1991), with a subunit size of 18-9 kDa. The size
of the dimer (37 kDa) is therefore very similar to that associated with
flocculation in Kluyveromyces marxianus (Teixeira et al., 1989). Thus the
lectins associated with flocculation in Kluyveromyces appear to be attached to
the wall by lectin action (Figure 9) and are detached by sugar inhibition or
EDTA chelation. In contrast, proteins associated with flocculation in §.
cerevisige required enzyme digestion and osmotic shocking for release
(Williams and Wiseman, 1973b, Kamada and Murata, 1984a, b, ¢) and
repeated EDTA washing did not cause any diminution of flocculation, as
would be expected if lectins were released (M. Stratford, unpublished
observation).

Many microbial lectins are found associated with surface spike structures,
pili, fimbriae or fibrillae, in bacteria (Brinton, 1959; Pearce and Buchanan,
1980; Sharon, Firon and Ofek, 1983), yeast (Critchley and Douglas, 1987)
and viruses (Markwell, 1986). Yeast flocculation has also been reported to be
associated with surface fimbriae (Day er al., 1975; Stewart et al., 1976;
Stewart and Russell, 1987), although these structures were not found by Miki
et al. (1982). If fimbriae are present on flocculent yeasts, clearly there is a
precedent for them to contain the surface lectins.

Complex carbohydrate receptors

The lectin—carbohydrate relationship has been likened to a lock and key
interaction (Phillips and Gartner, 1980). With the high specificity of the lectin
key, there must of course be equally sophisticated carbohydrate structures to
act as the locks. For years regarded as an amorphous mush, carbohydrates are
being increasingly recognized as highly complex structures of enormous
diversity (Roseman, 1970; Brandley and Schnaar, 1986; Brandley, 1991).
Complex carbohydrates have, like lectins, been shown to have an essential
role in cell-cell recognition. Carbohydrates are in the right place — most cells
have a complex carbohydrate outer shell — and have the diversity of structure
necessary for cell identification and recognition (Brandley and Schnaar, 1986;
Paulson, 1989). Information is continued in the complex carbohydrate
structures, with lectins used to decode that information {(Drickamer, 1988).
Much greater structural diversity is possible in carbohydrates than in proteins,
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due to their multiple linkage positions, anomers, branching and possible
substitutions. This diversity can be created comparatively easily by relatively
few enzymes (Roseman, 1970; Brandley, 1991). In order to be used for
identification, it is necessary to envisage different types of complex carbohy-
drate on different cells. This is beginning to be confirmed experimentally,
following the development of methods for analysis of carbohydrate structures
(Brandley, 1991). In Saccharomyces cerevisiae cell walls, the numbers and
patterns of side-chains of the wall polysaccharide mannan have been shown to
be specific for different strains (Ballou and Raschke, 1974; Ballou, 1976).

Complex carbohydrate flocculation receptors have been fully defined in S.
cerevisiae. The part of the S. cerevisiae wall thought most likely to contain the
flocculation receptors is the w-mannan, given the observed specific inhibition
of flocculation by mannose and its derivatives (Eddy and Rudin, 1958a;
Taylor and Orton, 1978; Miki ef al., 1982). The discovery of two flocculation
phenotypes in S. cerevisiae (Stratford, 1989a) does not alter this conclusion
since both Flol and NewFlo phenotype flocculation were inhibited best by
mannose. Further detailed sugar inhibition work (Stratford and Assinder,
1991) showed that the most likely receptors for both phenotypes were the
side-branches of the outer-chain mannan, two or three residues in length
{Figure 8). Similar studies on concanavalin A have shown that sugar inhibi-
tions do not necessarily indicate the full, correct receptor structure (Carver,
MacKenzie and Hardman, 1985).

However, flocculation receptors in S. cerevisiae have been further defined
using cell wall mannan mnn mutants (Ballou and Raschke, 1974:; Ballou,
1976). These mutants individually lack different parts of the o-mannan
structure. It was found that co-flocculation of these strains was abolished in
mnn2 mutants, and was diminished in the mnnS mutant (Stratford, 1992c).
mnn2 mutants lack the mannan outer-chain side-branches, while mnans
mutants have reduced side-branches, only one mannose residue in length.
mnnl mutants with two mannose-residue side-branches showed undiminished
co-flocculation. These data independently confirm, as suggested by sugar
inhibitions, that flocculation receptors in S. cerevisize are the mannan
outer-chain side-branches, two or three residues in length (Figure 8).

The flocculation receptors for other yeast genera have only been partially
characterized by incomplete sugar inhibitions. Saccharomycodes ludwigii
flocculation receptors are likely to have non-reducing terminal galactose,
fucose or arabinose residues (Stratford and Pearson, 1992); galactose is the
most likely, since this yeast co-flocculated Schizosaccharomyces pombe, a
yeast with galactose-tipped side-branches (Iorisberger, 1977). Some debate
has surrounded the receptors for flocculation in Kluyveromyces bulgaricus.
Flocculation was inhibited by galactose and fucose, but these sugars were not
found in the Kluyveromyces cell wall (Hussain er al., 1986; Giumelly et al.,
1989). Perhaps the receptor could be L-arabinose, a sugar similar structurally
to fucose and galactose, which has been shown to be present in glycoproteins
isolated from the cell wall of K. bulgaricus (Al Mahmood, Colin and Bonaly,
1991).
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The genetics of floccufation

While flocculation has been widely reported in many yeast genera (Table 1),
the genetic aspects of flocculation have only been studied in Saccharomyces
cerevisiage, and in only one phenotype, Flol of this species. Nothing has yet
been reported on the genetics of the NewFlo phenotype, probably because
many of those strains will only flocculate in ill-defined media (Stratford and
Assinder, 1991), thus making their study difficult.

FLOCCULATION CAUSED BY DOMINANT FLO GENES

The early reports that flocculation was an hereditary phenomenon (Pomper
and Burkholder, 1949; Gilliland, 1951; Thorne, 1951a, b; Roman, Haw-
thorne and Douglas, 1951; Roman and Sands, 1953), contributed much to the
demise of the colloidal theory of flocculation. However, the genetic value of
some of these papers has been questioned (Calleja, 1987), since it is
sometimes uncertain whether it was flocculation or chain-formation that was
studied. True flocculation was found to be caused by the presence of FLO
genes (Johnston and Lewis, 1974; Lewis and Johnston, 1974; Lewis, Johnston
and Martin, 1976). Two closely linked dominant genes, FLO! and FLO2Z,
were identified, together with the recessive flo3 gene. The FLO genes and
their suppressors are listed in Table 2. Dominant gene, FLO4, was discov-
ered shortly afterwards (Stewart ef al., 1976; Stewart and Russell, 1977) and
mapped to chromosome I, 37cM distal to adel. A later reassessment of these
genes showed that FLOI, FLO2 and FLO4 were in fact allelic, and the
nomenclature was revised to combine these genes into FLOI (Russell e al.,
1980). The location of FLO! was confirmed by Skatrud, Kot and Helpert
(1982) at 41-8 cM from ade 1, and by Kaback, Steensma and de Jonge (1989)
at 3-8 ¢cM from PHOI1, and physically mapped to 24 kb from the right-hand
end of chromosome I (Teunissen and Steensma, 1990). The FLOI gene has
been isolated and cloned (Watari ez al., 1987, 1989, 1990, 1991a, b), enabling
transformation of several non-flocculent industrial strains to a flocculent
phenotype. Expression of FLOI was found to be suppressed in MATa/MA T«
diploids (Watari, 1990, 1991b).

FLOS was described as a dominant gene, non-allelic with FLOI, conferring
particularly strong flocculation (Johnston and Reader, 1982, 1983). This
gene, after resisting attempts to map it for many years, recently has been
shown to be also on chromosome I (Vezinhet, Blondin and Barre, 1991).
FLOI and FLOS strains have been distinguished using proteases, heat and by
calcium/strontium inhibition ratio {Hodgson, Berry and Johnston, 1985;
Kuriyama, Umeda and Kobayashi, 1991). Recessive genes, flo6 and flo7,
were reposted by Johnston and Reader (1982), but were considered to be
possible alleles of FLOI that were more subject to suppression. A further
dominant gene conferring flocculation, FLOS, was discovered by Yamashita
and Fukui (1983). This showed loose linkage with arg4 and mapped to
chromosome VIII. FLOS& was found, like FLOI, to be suppressed in MAT
a/w diploids. The physiological characteristics of flocculation of FLOI,
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FLO4, FLOS5 and FLOS containing strains showed considerable similarity
(Stratford and Assinder, 1991) consistent with constitutive expression of
mannospecific lectins {(Flo1 phenotype} (Figure 4).

Flocculation has always been regarded, especially by the brewing industry,
as an unstable characteristic (Thorne, 1951b; Hough, 1957; Chester, 1963;
Curtis, 1973; Stewart, 1975). Flocculation loss and instability have aiso been
reported in genetically defined FLOJ strains (Lewis, Johnston and Martin,
1976; Russell ef al., 1980; Johnston and Reader, 1982). Two genes causing
suppression of flocculence have been identified (Holmberg, 1978; Holmberg
and Kielland-Brandt, 1978; Stewart and Russell, 1981), and termed fsul,
originally suf!, and fsu2. In view of the simultaneous loss of flocculation and
external enzyme secretion (Spencer et al., 1981; Yamashita and Fukui, 1984),
it is possible that some of the reported flocculation suppressors were acting on
the yeast secretory pathway (Stratford, 1992a). The coincidence of the
presence of the killer L dsRINA virus in yeast strains with the Flol phenotype,
and its conspicuous absence in NewFlo phenotype strains, was reported by
Stratford (1992a). This gave rise to the speculation that the killer L coat
protein could be the structural flocculation lectin. This theory was based not
only on the coincidence of Flol phenotype flocculation and killer L dsRNA,
but also on the known lectin activity of viral coat and spike proteins
(Markwell, 1986). 1t is also supported by the observation that SSN6 (CYCS)
contains a TPR motif (Schuliz, Marshall-Carlson and Carlson, 1990) that is
also found in SKI3, a gene repressing replication of dsRNA viruses in yeast
(Rhee, Icho and Wickner, 1989). Mutation of SSN6/CYCS is known to cause
intense flocculation (Trumbly, 1988} of the Flol phenotype (Stratford and
Assinder, 1991).

FLOCCULATION CAUSED BY MUTATION/HETEROLOGOUS GENE
EXPRESSION

Flocculation can be caused by the presence of FLO genes, but in addition,
flocculation can be caused by any one of a number of mutations to the
Saccharomyces cerevisine genome (Table 3). The most widely reported
flocculation-causing mutations are fup! and cyc8. Both mutations have
pleiotropic effects, affecting carbon catabolite repression, UV resistance,
cytochrome ¢ expression, mating, ARSI stability and causing flocculation.
TUPI and CYC§ have been mapped onto chromosomes III and II, respec-
tively. They have identical phenotypes and both have been cloned and
sequenced (Schultz and Carlson, 1987; Trumbly, 1988; Fujita ef al., 1990;
Williams and Trumbly, 1990). The CYC8 and TUPI gene products were
found to combine in a large protein complex, associated with the nucleus, that
may be involved with the nuclear scaffold (Williams, Varanasi and Trumbiy,
1991). The complex is certainly regulatory, possibly having a role in the
inhibition of a class of transcriptional activators (Williams and Trumbly,
1990). Int consequence of their many effects, tup! and cye® mutants have been
independently isolated from many non-flocculent strains, all of which have
been reported to flocculate following these mutations.



MALCOLM STRATFORD

314

(1861) 1198511y pue 1ERM3IG sossaxddns g7 WWEUIWOP-TUIDg onsf
(8L61) Sroquuopg 10ssa1ddns o707 JUBHIUOR- WG msf
{£861) myng pue eyysewe o/ LYW ul passarddng JUBBIUIOCT LA SWOSOWOo) SOTA
(z861) 1opeay pue voISUYOS 3R FOTA gissod WRUIWIOP-Etling Lol
(z861) rapeny pue uoisuyor d181[e [(77 21qIssod JuBUIWOP-T3S goyf
(1661} 211eg pure wWpUOlg 19Uz A
(Z861) 19peay pue uossuyer WEUILO
O] JUOSOWO)
ﬁsw% 12 32 [Tassny : © o
OL6T) 1P 12 11BMAlg TOTd §n o3[y JUBUTHO(]
(FL61) uOISUYOF pUT S1MaT o>_wm._8um vbmwm
{6861} 12 12 Lerep
(o6 {0861) 11 12 [assmy
OL61) UILEE PUR UOISUYO[ ‘SIma] O T4 UNA N2[[ Y UEUIO
(bL61) 1w pue wolsuyor ‘ e o
(F261) uolsuyor pue sma| o/ LVIA Ul passelddng JuBRUIWO ] T SLEOSOWOIY) TOTo
$a0UALAIY STUDIIOT) IBEBUINLO] lele):2Toly ¢ auany

s10ssa1ddns 1oy} pue sauaF ()77 JO SUOLIEIO] PUR SINSLIOEIRYD ayl Jo Arguiung 7 ajqel



315

Yeast flocculation

(1661) ¢ i2 yopng 3015521dX2I2A0 7 2SEYIUAS UNIYD) ZSHD
AOmmmu ..ﬁm J3 IQWely] I0IBAIDBSUEI] XEB) [BHA [-ATTLH xm
($86T) wOSUIAZT put YILINIW ‘NI 12d sps-eH uBwWny Spr-eR]
{0661) v 12 ByqeUTUIDR] 11 sseuly ulase’) oo
{6861} 0 12 enilng UONEINI0E IHs
(£861) 19557 pUEB SYSTIUIL] uoissaddns zonenooog,g 5o rIxe
{(6i61) 28ue AFojoydiow 1em oM
{Sis1) ayosuey] asereydsoyd proy sqv
(£261) uadwe] pue ony ‘1IN0IIUIUCY
(£L61) uadureT] pue 3INOLAUCIY “YsOYD ammjonns adopaug HA
{£861) UOS|IE)) puE UlogaBIeN
{#861} ‘v 12 UOS|IED) aseraAul passardalacy Quss
{9861) Aquniy, .
(0861) URLLIAYS PUR UIRISHIOY uossa1dya o SWONPOIAD 922 §00
(1661) vUNysQ pue LwiyseIe ‘o uolyenga1 Suney 140D
(1661} jv 12 Sueyz uonendsl awsy Zdav
(0661) 1 12 enilng U0 N30} ZIfs
(6867) urwiue,] pue weySuig-yserq], Aqers [SHY iy
(£861) 2pesy pur uosydef ‘Aauney uniew [eutouqy Zpd
(08671) UBLIDYS puUB UIAISYIOY uorssa1dxa o SWOIYIIA} Pl
{0851) AexouI pue N3N ‘nuoWws]
(1461} nuowa] 0URISISHI A} ZAwm
(0861} Z1mOysSMOTy PUE TN YIelg
(5161) 11ed °p uea pue a81ag U9l ‘LB WEYOS sseajew passaldaiecy oy
(PL6T) TouNIIM &ydonoxne JWILP rdny 74t
$90UIB]NY P22 STISLISIOLIRY ) WAUOUAS UONENUI/AUILY

uene[nodo[) 0 2511 Fula18 ‘uolssardxa 2uaf snodoj0Insl pur SWoUIE avisiaaded sa2{WWoIDY2IDE Y JO SHONRINJA ¢ JHIE,



316 MALCOLM STRATFORD

Many other mutations causing flocculation have been reported (Table 3,
some of which, abs, wal and FH4C, have pletotropic effects (Montenecourt,
Kuo and Lampen, 1973; Ghosh, Montenecourt and Lampen, 1973; Hansche,
1975; Lange, 1979) and may be alleles of rup! or cye8 or others of the seven
complementation groups described by Carlson er al. (1984) as causing
flocculation. SFLI and CKA2 are separate, non-allelic genes whose disrup-
tion also causes flocculation (Fujita et al., 1989; Taira et al., 1990; Padman-
abha et al., 1990).

Expression of two heterologous genes in S. cerevisiae has also, unexpect-
edly, given rise to the FLO/-like flocculation. These are human Ha-ras p21
(Clark, McGrath and Levinson, 1985) and the viral HTLV-1 fax transactiva-
tor (Kramer et al., 1990). The Ha-ras gene products were localized on the
inner membrane surface (Furth et al., 1982), the location also of G protein
which has a degree of homology with the fup! product, reported by Kearsey
(1991) and Williams, Varanasi and Trumbly (1991). Recently over-expression
of the chitin synthase 2 gene, CHS2, was also shown to cause flocculation in
S. cerevisiae (Sudoh ef al., 1991). Clearly, there is much research still to be
done concerning the network of regulators and signals involved in floccula-
tion expression.

In view of the ease with which non-flocculent strains can flocculate by
mutation (7able 3) and the large number of tupl/cyc8 isolations, all of which
flocculate, it is possible that most, or possibly all, strains of S. cerevisiae
contain genes coding for flocculation lectins (Stratford, 1992a). Furthermore,
the similarity between flocculation caused by supl or cye8 mutation, and
FLOI, FLOS5 and FLOS genes, may indicate that the FLO genes are also
regulators, activators of an, as yet undiscovered structural lectin gene. This
theory will be tested in the near future when the FLOI gene is fully
sequenced. Preliminary results (M. Pentilla, personal communication) indi-
cate the presence of a signal sequence, a membrane anchor and multiple
repeats. If FLO! is a lectin gene, homology would be expected with the
highly conserved regions of known lectins, the Ca®* and Mn®* binding sites
(Lis and Sharon, 1986). On the other hand, a membrane anchor could suggest
a secreted protein, in which case, if FL.OJ does code for a lectin, there must
be other lectin genes present in non-flocculent cells to allow floceulation
following mutation.

Onset of flocculation

While the known genetics of flocculation is exclusively the preserve of the
Flol phenotype in Saccharomyces cerevisiae, the onset of flocculation is
almost exclusively found in NewFlo phenotype strains. Almost all Flol
phenotype strains are constitutively flocculent (Stratford and Assinder,
1991}, therefore onset of flocculation never occurs. NewFlo phenotype strains
grow and ferment as single cells and only flocculent in the stationary phase of
growth. Whether flocculation occurs in the stationary phase, or whether
floceulation causes the stationary phase, is a debatable point. Both statements
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may be correct in different yeast strains (M. Stratford, unpublished observa-
tions).

While of lesser academic interest, the causes and timing of onset of
flocculation are of exceptional commercial interest to the brewing industry.
Flocculation can determine the degree of attenuation in brewing (Rainbow,
1966). Early or premature flocculation is one of the most common causes of
‘hung’ or ‘stuck’ fermentations (St Johnston, 1953; Stewart, 1975; Stewart et
al., 1976), and consequently causes considerable difficulty and expense in
restarting the fermentation, and attenuating the residual sugar content.

ONSET OF FLOCCULATION: RECEPTOR OR LECTIN, SYNTHESIS OR
ACTIVATION?

Assuming that the lectin theory of flocculation is correct, or at least close to
the truth, the onset of flocculation must depend on the appearance of either
the lectin adhesins, or the carbohydrate receptors, or both. Some years ago,
there was a theory in vogue that the flocculation mechanism was masked by
too much wall mannan (Devreux, 1962; Masschelein et al., 1963; Windisch,
1968). This led in turn to much cell wall analysis which reported no
correlation between mannan content and flocculation (Mill, 1966; Griffin and
MacWilliam, 1969; Lyons and Hough, 1971). Despite this, a strain requiring
mercaptoethanol treatment to expose mannan receptors has been reported
{Nishihara and Toraya, 1987) and it has been shown that the cell wall mannan
content alters during cell growth (Griffin and MacWilliam, 1969; de Nobe] er
al., 1990a, b). However, in a comprehensive examination of a number of
strains (Stratford, 1993), plenty of flocculation receptors were found at all
stages of growth. Flocculation onset is therefore not likely to depend on
receptor availability, but rather on the appearance of active lectins.

It has recently been found (Stratford and Carter, 1993) that onset of
flocculation is more complex than was originally thought. Cycloheximide was
added to yeast cultures throughout growth, to determine exactly when the
proteins involved in flocculation were synthesized (Figure 1(). 1t was found
that flocculation lectin synthesis began early in growth, continued throughout
exponential growth and stopped in stationary phase. Some hours afterwards,
these floccunlation lectins were ‘activated’ by an as yet unexplained process,
that was not inhibited by the presence of cycloheximide. Pronase E treatment
of yeasts in the few hours before ‘activation’ prevented flocculation expres-
sion. It therefore seems that lectins are synthesized and secreted to the cell
wall progressively throughout growth, where they are held in an inactive
form, but accessible to Pronase E. At a later time, lectins are activated and
flocculation commences. It is possible that the ‘activation’ may involve
physical uncovering of lectins using aw-mannosidase (Beavan et al., 1979) or
proteolytic cleavage as described for killer toxins (Bussey et al., 1983).
Synthesis and activation of lectins at separate times was found in all 12
NewFlo phenotype strains examined; this would therefore appear to be a
ubiquitous phenomenon, at least in NewFlo phenotype strains.
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Figure 10. Growth and flocculation curve of Saccharomyces cerevisiae NCYC 1364, Floccula-
tion cnset occurs at abput 36 h. Cycloheximide addition to different cultures at different times
(arrows) stopped growth and prevented flocculation when cycloheximide was added before 21 h.
This suggests that lectin synthesis begins at 21 h and continues until 28 h, in stationary phase.
Some hours later, at 36 h, lectins are activated in a cycloheximide insensitive manner, thereby

initiating flocculation onset (Stratford and Carter, 1993).

ENVIRONMENTAIL FACTORS INFLUENCING ONSET OF FLOCCULATION

There are several controlled stages at which active surface lectins could
potentially be held, pending the onset of flocculation (Stratford, 1992b).
These controls are, in reverse sequence: by direct inhibition of lectins; by
activation or exposure; during secretion; at the secretion process; or by
transcription/translational control of the flocculation lectin genes. A number
of factors influencing the onset of flocculation have been recorded, but it is
not always clear at what level of control these factors operate.

The most obvious environmental factor influencing flocculation is sugar.
Brewers’ sweet-wort contains a large amount of maltose, a sugar strongly
inhibitory to NewFlo phenotype flocculation (Stratford and Assinder, 1991).
Yeast strains are unlikely to flocculate until there has been at least partial
sugar depletion through fermentation (Baker and Kirsop, 1972). This is
unlikely to be the whole story, since NewFlo phenotype strains show onset of
flocculation when grown on non-inhibitory sugars, such as fructose (M.
Stratford, unpublished observation).

The pH value is also likely to be a controlling factor in flocculation of
certain strains. While most flocculent yeasts show activity across a broad pH
spectrum, some strains are restricted to a pH window between 2-5 and 5-5
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Figure 11. (A) Matrix of the effects of ammonium fon and inositol concentrations on
flocculation of Saccharomyces cerevisiae NCYC 1364, in defined yeast base media, buffered to
pH 4:0 and containing fructose, 40 g 1"*. Flocculation was assessed as a percentage of the cells
flocculated in fate stationary phase, Residual ammonium ions in the media at this stage are
recorded in (B). Preliminary results suggested residual inositol present in media initially
containing high inositel and low ammonium jon concentrations.
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(Figure 5). Yeast growth usually causes a lowering of the pH value of the
medium, and for pH-restricted strains no flocculation is observed if the pHis
not within this window at the time of flocculation onset. In addition,
flocculation has been reported to be prevented in growth media with pH
values less than 3-4 (Porter and Macauley, 1965; Nishihara, Toraya and
Fukui, 1976a).

The presence of assimilable nitrogen is certainly involved in development
of flocculation. Assimilable nitrogen is generally limiting in brewers’ wort
(Gilliland, 1981). Early flocculation occurred in worts with low nitrogen
contents (Gillitand, 1951), while delayed and diminished flocculation has
been shown in high nitrogen worts (Devreux, 1962; Stewart, Russell and
Goring, 1975; Baker and Kirsop, 1972). Stratford (1989b) reported the failure
of NewFlo phenotype strains to flocculate in media containing excess
ammonium ions. Ammonium salts and basic amino acids were also implicated
by Mill (1964a) and Stewart, Russell and Garrison (1973).

Similarly, early flocculation has been found to occur in inositol-deficient
media (Nishihara, Toraya and Fukui, 1976b; Amri ef al., 1982). Inositol
deficiency is known to affect yeast cell walls and cause cell aggregation
(Smith, 1951; Ghosh et al., 1960; Challinor, Power and Tonge, 1964; Lewin,
1965; Dominguez, Villanueva and Sentandreu, 1978: Duffus, Levi and
Manners, 1982) by what is usually regarded as chain-formation. However,
inositol deficiency seems also involved in flocculation development. Figure 11
shows the results of an experiment carried out in synthetic media varying in
inositol and ammonium ion content, using a NewFlo phenotype flocculent
yeast. True flocculation was found in most cultures but not in those
containing any residual ammonium ions or inositol in the spent media. It
would seem that presence of either ammonium ions or inositol prevents the
development of flocculation (M. Stratford, unpublished resulis).

A large number of high molecular weight compounds from wort, especially
wort made from Japanese six-rowed barley, have been implicated in prema-
ture flocculation in brewing (Kudo, 1952, 1959: Kudo and Kijima, 1960;
Morimoto et al., 1975; Fujino and Yoshida, 1976). One possible explanation
for this, explored by Herrera and Axcell (1989), was that flocculation was
caused by barley lectins present in the wort. One barley lectin was isolated,
but it did not induce premature flocculation when added to worts. Following
the discovery of a polysaccharide that induced premature flocculation, it was
proposed (Herrera and Axcell, 1991a, b) that high molecular weight com-
pounds could bridge between yeast cell walls, attached to the flocculation
lectins. This theory was supported by Stratford (1992b), who argued that all
of the reported compounds causing premature flocculation were complex
carbohydrates, and were therefore likely to have a higher affinity for
flocculation lectins than any inhibiting sugars from the medium.



Yeast flocculation 321

The biotechnology of yeast flocculation: artificial control of flocculation onset,
rate and extent

Over the last 15 years in which biotechnology has become fashionable, there
has been increasing interest in yeast flocculation as a simple, natural and
cheap way of separating the cell biomass from media at the end of fermenta-
tions. Separation costs can be accounted the largest single figure in the
production process (Bowden et al., 1987). As a result, there is considerable
financial advantage to be gained by extending the flocculation property from
brewery yeasts to other industrially important yeasts, and possibly to other
organisms.
The objectives of artificial control of flocculation are:

1. Control over flocculation rate and extent.
2. Transfer of the flocculation property to other organisms.
3. Control of onset of flocculation.

These objectives have long been seen by some as legitimate targets to be
achieved by genetic engineering and molecular biology. Others have ques-
tioned this approach. Casey (1990} described yeast flocculation as a classic
example of where the use of the FLO/ gene ‘for genetic engineering purposes
is severely handicapped by our lack of understanding of the chemistry and
biochemistry of flocculation’. Given the possibility that FLOJI may be
regulatory, only strains containing the hidden lectin genes will be able to
respond to FLOI stimulation to flocculate.

The ability to transfer flocculation to other yeast strains may be achieved in
a variety of ways: by conventional genetic crossing (de Figueroa, de Richard
and de van Broock, 1984a; Thornton, 1985; Cvetanov, Lachcev and Peceva,
1990); by protoplast fusion {Seki ez al., 1983; de Figuerca, de Richard and de
van Broock, 1984b; Watarti ef al., 1990); electrofusion (Urano, Nishikawa and
Kamimura, 1990); as well as by transformation with cloned FLO! (Watari ef
al., 1991b). In addition, flocculation induction in non-flocculent industrial
strains may soon be brought about by disruption of the fupl, cyc8 or sfli
genes, whose sequences are known, or by using ribozymic action to silence
them {Taira er al., 1990). Transformation by the HTLV-1 tax transactivator
(Kramer er al., 1990) or Human Ha-ras p21 (Clark, McGrath and Levinson,
1985) also causes flocculation, but is far less likely to be acceptable in
industrial strains. For practical purposes, flocculation transfer would seem to
be easiest by conventional mating or protoplast fusion.

Control over the onset of flocculation would seem to be the obvious
advantage of the molecular biological approaches. FLO genes placed on
suitable promotors could be activated by the addition of signal compounds.
Alternatively, flocculation could be induced by the same suitable promoters
used fo activate either antisense plasmids to fupl/cyc8isfll or similarly
targeted ribozymes. So much for the theory. In practice, these sophisticated
mechanisms are of doubtful value. Flocculation onset is usually required after
nutrient depletion, well into the stationary phase of growth. In the stationary
phase, lectin synthesis is likely to be extremely slow and limited in volume
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due to nutrient depletion, thereby leading to very slow response and limited
flocculation. This view is backed up by observations of certain NewFlo
phenotype strains (M. Stratford, unpublished observations) that began lectin
synthesis in the stationary phase, as indicated by progressive cycloheximide
addition. Flocculation in all these strains was poor. To give reasonable
results, flocculation lectin synthesis must occur during growth, while there are
nutrients to support it.

An alternative solution that may be worth pursuing would be to elucidate
and artificially control the ‘activation’ mechanism of NewFlo phenotype
strains. Since lectins have already been synthesized and are present in the cell
wall, activation of these lectins would be expected to be considerably easier
and quicker than de novo lectin synthesis. A second alternative would be to
use pH switching on those strains shown to have narrow pH ranges for
flocculation (Figure 4). These strains may be grown rapidly outside this pH
window as single cells, and will flocculate instantly on addition of sufficient
acid or alkali to shift the medium pH value within the window. The rate of
response to pH change is extremely rapid and this switch to flocculation
requires no metabolic input whatsoever and could be used on the metaboli-
caily inert ceils in stationary phase.

The rate and extent of flocculation are dependenmt on many factors
including bond strength, surface charge, salt concentration, pH value and cell
concentration. But given a reasonable cell-cell bond strength, the easiest and
most effective way of controlling rate and extent is to control the applied
agitation. Extremely rapid initial rates of flocculation can be obtained by
strong agitation (Stratford and Keenan, 1987) due to the agitation overcom-
ing the charge repulsion between cells. However, strong agitation generates
large shear forces which prevent flocs increasing in size, and promote cell loss
from flocs (Stratford, Coleman and Keenan, 1988). By using an agitation
ramping procedure (Figure 12), it is possible to combine the advantages of
initial high rates of flocculation with the greater extent of flocculation at low
agitation. This can be achieved on a batch-system, but in practical terms the
best way of applying ramped agitation would be to force the yeast suspension,
after activation, through a series of small tubes (Figure 12). These tubes could
be partly constricted or obstructed to induce turbulent flow. The ramping
effect would be achieved by gradually increasing the separation of the
obstructions, thus lessening the turbulence. It would be necessary to avoid
excessive turbulence, causing cavitation, and therefore foaming in the media.
Finally, flocs may be removed in a small settling tank from the clear,
sapernatant medium.

Concluding remarks

In conclusion, the flocculation of yeasts can be regarded from many different
points of view. Industrially, flocculation remains a commercially useful
method of removing brewing yeasts from beer, while from a biochemical
perspective flocculation entails calcium-dependent binding of yeast surface
lectins to specific carbohydrate receptors on neighbouring cell walls. To the
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physicist, flocculation can represent the gathering of single cells into flocs; the
gathering is hierarchical, and the flocs are cluster—cluster fractals. To the
geneticist, this is an area where the identity and relationships between
structural genes, regulators and seemingly unrelated mutations, has yet to be
resolved. Physiologically, flocculation offers a unique insight into the inser-
tion of proteins into the cell wall and the subsequent ‘activation’ of these
proteins. Clearly flocculation has emerged from being an isolated, industrially
useful property, to one of more general interest.

The reasons for yeast flocculation are a subject for debate, and probably
will remain so. The most plausible theories to date concern enhanced survival
of yeast in flocs, under adverse conditions. However, exchange of small
pieces of genetic material between flocculated cells remains a distinct and
alluring possibility.

A most striking observation from an overall view of the past 116 years of
study of yeast flocculation is that while direct study of flocculation has
revealed many important facts and effects, the great advances in understand-
ing of the process have come from sideways looks from other areas of science.
Most rapid progress has been gained by applying the knowledge from
seemingly unrelated areas to make logical hypotheses from the known
cffectors of flocculation. In the future, the use of molecular biological
techniques will undoubtedly resolve many of the remaining areas of doubt,
especially concerning the role of FLQ and various regulators. But, as usual in
science, we may confidently predict that new enigmas will be uncovered as
quickly as existing problems are solved, and that yeast flocculation will
remain as unpredictable and fascinating as ever.
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