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Floculation in Sacch. cerevisiae is a process of reversible cellular aggregation. Their ability to flocculate en-
ables efficient separation of cells from the fermentation medium and facilitates subsequent downstream processing
of the product. The most important advances in our knowledge have been achieved about the mechanisms of
flocculation and its genetic bases. Recent advances in both fields are reviewed and some possible hints for the

futture are given.
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Introduction

Flocculation in Saccharomyces cerevisiae is a process
of reversible cellular aggregation by which yeast cells
adhere to form clumps that spontaneously sediment in
the medium in which they arc suspended. This phe-
nomenon depends on calcium and is sensitive to the ac-
tion of mannose and protease. This feature has been
shown to be a completely different type of aggregation
to that originated by the mating of haploid strains and
of the cellular groupings that form during bud separa-
tion from mother cells (1). The phenomenon of floccula-
tion is a highly complex process influenced by genetic
and environmental factors, thus rendering its study par-
ticularly difficult (for a recent review see reference 2).

Although this character has been studied in some
depth in Sacch. cerevisine, it has also been described in
other yeast species such as Hansenula anomala (3); Kluy-
veromyces bulgaricus (4); Kluyveromyces marxianus (5);
Pichia pastoris (6); Schizosaccharonyces pombe (7) and Can-
dida famata (8).

Because their ability to flocculate enables efficient
separation of cells from the fermentation medium, this
characteristic is a suitable property in yeast strains in-

volved in certain industrial fermentation processes such
as brewing, wine making, and champagne and cava pro-
duction. It would also be of interest in the production of
veast biomass (single cell protein) and in modern bio-
technology owing to the ever increasing use of the as-
comycetous yeast Sacch. cerevisige in the production of
heterologous proteins. Likewise, it is considered to be an
important characteristic in the development of continous
fermentation processes (such as the biological produc-
tion of ethanol) since highly flocculent strains make it
possible to use high cell concentrations in the fermentor,
this being favourable for high yields (9).

In sum, in all these processes it is necessary to sepa-
rate the cells from the final product or from the culture
medium, flocculation has become a low cost method to
achieve this goal because it facilitates subsequent down-
stream processing of the product. Owing to the commer-
cial interest in flocculation, this characteristic has re-
ceived considerable attention in recent years. The most
important advances have been achieved in our knowl-
edge of the mechanism of flocculation and its genetic
bases. This paper reviews recent progress in both fields
and offers possible hints for the future.
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The Flocculation Mechanism

Our knowledge about the flocculation mechanism,
as currently accepted, comes straight from studies on the
effect of calcium as well as proteases and sugars on the
phenomenon.

Effect of inorganic salts. The requirement in inor-
ganic ions for flocculation to take place in yeasts has
been described by many authors who have demon-
strated the effect of chlorides and different sulphates
(calcium, sodium, magnesium and potassium} on floccu-
lation (10,11). Whereas some strains may be defloccu-
lated by climinating these ions by simply rinsing the
cells in distilled water (12), others require the presence
of chelating agents such as EDTA (13); in all cases the
addition of small amounts of calcium, magnesium or
manganese suffices to reestablish flocculation (14). Al-
though there are a number of ions which may promote
flocculation, it is generally accepted that calcium is by
far the most effective. It has also been shown that cal-
cium analogues, such as strontium or barium, competi-
tively inhibit flocculation (13,15), and it has been found
that there are other salts which indirectly promote floc-
culation by inducing the leakage of intracellular calcium
(16). Besides the effect of salts on stimulating and inhib-
iting flocculation, they also probably play a role in de-
veloping flocculation; in this sense it has been reported
that phosphate is necessary to promote flocculation (17),
whereas it may be inhibited in magnesium-lacking envi-
ronments (18).

Based on the effect of calcium, a theory was pro-
posed to explain the phenomenon of flocculation known
as the calcium-bridging hypothesis (19,20). According to
this theory, flocculation is the result of links formed by
bivalent calcium cations between yeast cells, supported
by hydrogen bridges. The surface groups interacting
with the calcium would be carboxyl groups (20) or phos-
phodiester groups in the cell wall mannan (21,22).

Effect of proteases and protein-denaturing agents.
Eddy and Rudin (23) showed that the treatment of flocs
with papain elicits an irreversible loss of flocculation,
thus implicating cell surface proteins in the flocculation
process. Subsequently, it was observed that other pro-
teases such as pronase E, proteinase K, trypsin, chy-
motrypsin and pepsin, besides certain protein denatur-
ing agents such as mercaptoethanol, urea and guanidine,
also inhibit this character in an irreversible manner
(24,25). Treatment with proteases also allowed differen-
tiation between different types of flocculation (26). These
results, which clearly implicated surface cell proteins in
the flocculation process, were consistent with the cal-
cium-bridging theory.

Effect of sugars on flocculation. Flocculation in
yeasts may be inhibited by different sugars such as man-
nose, maltose, saccharose and glucose (10,20,27-29). This
cannot be explained by the calcium-bridging hypothesis
alone. Thus, Taylor and Orton (30), and in particular
Miki ef al. (31,32) proposed an additional (now widely
accepted) theory to explain flocculation, known as the
lectin-like theory. This theory is based on the fact that
flocculation is sensitive to the effect of proteases and that
the possible protein involved shows the basic properties
of lectins, i.e. proteins which link to specific sugars (33)

and that require metal ions to do so. In keeping with
this hypothesis, flocculation would occur by surface cell
proteins of the flocculent cells (similar to lectins) joining
the a-mannan carbohydrates of adjacent cells (Fig. 1A).
This idea is consistent with previous results from studies
on co-flocculation between flocculent and non-flocculent
strains sharing the existence of two different parts in the
flocculent links: a protein and a receptor (34,35). The no-
tion is also consistent with the fact that the lectins of
flocculent strains are sensitive to proteases, whereas the
receptors present in both flocculent and non-flocculent
cells are insensitive to such treatment. The role of cal-
cium, in this theory, would be to maintain lectins in the
correct conformation (36).

: Cell wall
Cell Out

|—| GPl-anchor

{' Middle part

\-Q N-terminus

Plasma »
membrane

Fig. 1. Lectin-like theory of flocculation. A) Flocculation be-
tween flocculent and non-flocculent (coflocculation) cells. Pro-
teins on the cell surface bind to the g-mannan carboydrates in
adjacent cells (based on the model of Miki ¢f al,,1982; reference
31). B) Flocculin structure according to the FLOI sequence (ba-
sed on the model of Teunissen ef al,, 1993; reference 81).

Although some authors have observed a specific in-
hibition of flocculation with mannose (30,31), others
have reported inhibition with several sugars (20,27).
Thus in comparative studies with a large number of
brewer's yeasts and laboratory strains, Stratford noted
two different groups of flocculent strains (37). One
group could only be dispersed by mannose, whereas in
the other group flocculation could be inhibited by man-
nose, maltose, saccharose and glucose. Both types of
strains could also be differentiated by phenotype inhibi-
tion in the presence of particular concentrations of salt
and certain pH values, their selective sensitivity to the



C. SIEIRO ¢t al.: Flocculation in Saccharomyces cerevisiae, Food technol. biotechnol. 36 (1) 31-36 (1998) 33

effect of different proteases, the growth phase and the
environment in which flocculation is expressed. The first
group (called the Flol phenotype) encompasses strains
whose flocculation is due to the FLOI, FLOS5, tupl and
ssn6 genes, whereas the second type (called the NewFlo
phenotype) groups all brewer's yeast strains (28,37). Ac-
cording to the authors, these two different phenotypes
represent the expression of two different surface lectins.
However, studies performed on wine flocculent strains,
whose flocculent phenotype has been shown to be due
to the FLO1 gene (29), were unable to definitively class-
ify them under either of the above two phenotypes, thus
throwing doubt on the aforementioned proposal of the
existence of two different lectins to account for the dif-
ferential flocculation observed. It is more likely that the
flocculation mechanism would be essentially the same
for all flocculent strains and that the observed differ-
ences would be due to other factors, such as timing of
cell surface hydrophobicity changes as clearly shown by
Straver and coworkers (38,39). It should be noted that
besides the two groups of strains reported above, a third
type has been described which is neither sensitive to
mannose nor to calcium (40). In this latter case, the floc-
culation mechanism would probably be completely dif-
ferent.

Genetic and Molecular Bases of Flocculation

FLO genes. Flocculation in Sacch. cerevisiae is geneti-
cally controlled (Table 1). The genetic basis of the charac-
ter has been independently reported by several labora-
tories, including our own. The results are unambiguous
in that there must be a very complex genetic mechanism
underlying yeast flocculation. According to Gilliland
(41), the flocculent character of a strain would be due to
a single gene, whereas according to Thorne (42,43), floc-
culation would involve 3 loci not linked in the same
strain. Subsequent studies (using brewer’s strains) de-
scribed 3 genes with the ability to originate a flocculent
phenotype; two of these were dominant (FLOT and
FLO2) and the third recessive, known as flo3 (44,45). Al-
most at the same time, a further dominant flocculation
gene was discovered and named FLO4. This gene was
mapped on chromosome | of Sacch. cerevisine at 37 cM
from the adel marker (46,47). It was later shown that the
FLO1, FLO2 and FLO4 genes were allelic (48) and the
locus was called FLOI. The position of this gene was
confirmed by several authors: thus Skatrud ef al. (49)
mapped it at 41.8 cM from adel, Teunissen and Steensma
(50) located it at 24 Kb from the right end of chromo-
some | and Sieiro ef al. (51) at 4.7 ¢M from PHOI1.

Another flocculation gene, non allelic with the pre-
vious ones, was characterized by Johnston and Reader
(52) and was named FLO5. The flocculation of these
strains was differentiated from flocculation in strains
containing the FLOT gene by Hodgson et al. (26). Accord-
ing to these authors, the flocculent phenotype of FLOI
strains is resistant to temperature (70 °C) and sensitive
to treatment with chymotrypsin, whereas strains charac-
terized as FLOS behave in the opposite manner. The
FLOS5 gene remained unmapped by classical genetic
techniques for many years. First, it was erroneously
mapped on chromosome 1 (53). Later, more in-depth

Table 1. FLO genes and their suppressors

Cene Localization Characteristics Refs.
name

FLO1 Chromosome | Structural, dominant 48-51
FLO? Chromosome XII Regulator 63
flo3 Semi-dominant 44,45
FLO5 Chromosome VIII  Structural, dominant 52,5455
flo Recessive 52
flo7 Recessive 52
FLOS Chromosome V Flocculation activator 56-58
FLO% Chromosome 1 Structural 59
FLO10 Chromosome XI Structural 59
FLO11 Chromosome IX Structural, dominant 61
faul Flocculation suppressor 66
fau2 Flocculation suppressor 66
fu3 Flocculation suppressor 50
sfl1 Flocculation suppressor 70,71

Table 2. Summary of other genes involved in flocculation

Gene  4jjele

name

Characteristics Refs.

tupl  aarl, aer2, amm1, Transcription repression 67,69

cye9, fik1, sf12, umr7

cycd  ssné Transcription repression 68,69
pho2 Transcription activator o0
MICG1 Flocculation repression 85,86
LSR1 Transcription factor 59
FH4C Constitutive invertase 73
producer

cka2 Casein Kinase 11 72
wal Wall morphology 77
abs Acid phosphatase 77
kret (1-6)p-glucan synthase 78
sknl (1-6)B-glucan synthase 78
HTLV1-Tax Transactivator 74
Ha-ras

Human Ha-ras 75

analysis of the FLO5 strains showed that its flocculent
phenotype was the result of two different genes: one of
these was allelic with the previously described FLO1,
and the other (FLO5) was mapped on chromosome VIII
at 36.8 <M from the PET3 gene and 30.5 cM from FURI.
The latter gene originated a dominant and constitutive
flocculent character (54,55).

The FLO8 gene was first described by Yamashita
and Fukui (56) and was mapped on chromosome VIII,
linked to the marker arg4. These results contrast with
those reported by Teunissen et al. (54) who, assuming
that FLO8 was similar to FLOI, mapped the FLOS gene
on chromosome I by genic disruption (using a plasmid
based on the FLOI gene), and concluded that it was al-
lelic with FLOI. Later, cloning and sequencing of FLOS
showed that it was not an allele of FLOT and that it dif-
fered significantly in its sequence. Northern analysis
showed that FLO8 mediates flocculation by activating
the transcription of FLOI. FLOS is also required for dip-
loid pseudohyphal growth and haploid invasive growth.
Regarding its localization, the gene sequence showed
high homology with chromosome V of Sacch. cerevisine
(57,58).

Sequence analysis of the genome of Sacch. cerevisiae
together with Southern hybridization studies on karyo-
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types using the FLOI gene as probe confirmed the pres-
ence and position of the genes described above (59).
Thus, according to the complete sequencing of chromo-
some I, FLO1T is found at the expected position. In inter-
nal regions the gene comprises 5 repeated units named
A, B, C, D and E. The different clones of the FLOI gene
showed differences in their sequences that consisted in
deletions localized in this repeated region. Approxima-
tely 10 Kb downstream from FLOI, a homologous se-
quence appears; this has been considered a pseudogene
because it has stop codons in different positions. An-
other possible flocculation gene is present on chromo-
some | near the end of the left arm. This shows 94%
similarity at protein level with the FLOI gene. It appears
to be a true flocculation gene and has been named FLO9.
A second pseudogene has also been located on the left
arm of chromosome L.

Likewise, the above analysis confirmed the presence
of the FLO5 gene on chromosome VI The product of
this gene shows 96% similarity with the product codified
by FLO1. Again, in this case, a pseudogene was detected
10 Kb downstream from FLOS5.

The genes FLO1, FLOS and FLO9 differ in the length
of the repeated unit A in their central part (18 times for
FLO1, 8 times for FLOS5, and 14 times for FLOS8). Accord-
ing to Northern analysis carried out by Teunissen and
Steensma (59), the tupl and ssn6é mutants exhibiting a
flocculent phenotype (sce below) show three transcripts
which hybridize with the FLO1 probe, whose sizes are
4.8, 42 and 3.5 Kb. According to these authors, the 4.8
Kb transcript corresponds to the FLO1 gene; the 3.5 one
to FLO5, and the 4.2 transcript must correspond to the
FLOS, taking into account the differences that the three
genes display in their central part (unit A).

The sequence of chromosome X1 also shows homol-
ogy with the FLO genes at the N- and C-terminus. The
putative protein codified for this gene (FLO10) shows
58% similarity with the FLOT product (59). The expected
transcript for this gene is 3.7 Kb. A transcript with this
length appears together with that of 4.8 Kb in phe2 mu-
tants (60), which also show a flocculent phenotype (see
below).

In addition to the above genes, Wan-Sheng and
Dranginis (61) characterized another flocculation gene
(FLO11) that is related to the STA genes which induce
calcium-dependent cellular aggregation when expressed
in yeasts. FLO11 is located on chromosome IX and en-
codes for a flocculine with 37% similarity with the prod-
uct of FLOI. Unlike the other flocculation genes, the
FLOI1 gene is located near the centromere rather than
close to the telomere.

A gene located on chromosome XII that is able to
originate a remarkable flocculent phenotype when over-
expressed in non-flocculent strains and in a mutant af-
fected in the FLOT locus has also been described (62,63).
The gene has been called FLO2, although no homology
with the other FLO genes has been observed. FLO2 must
activate the expression of one of the erlier described floc-
culation genes.

Apart from the dominant flocculation genes referred
to so far, several semidominant or recessive flocculation
genes have been characterized: flo3 (44,45), flo6 and flo7

(52). Since it is currently known that the non-flocculent
strains have flocculation genes that are not expressed in
certain genetic backgrounds, it may be assumed that flo3,
floé and flo7 are allelic with some of the flocculation
genes described above.

Flocculation suppressor genes. The instability of the
flocculent character has been noted both in industrial
beer strains and in genetic laboratory FLO1 strains
(48,64). In diploid strains, the suppression of flocculation
may be due to the regulation of the phenotype by the
mating type (65). Also, suppression of flocculation is
coded by specific genes (Table 1). Initially, two genes
called fsul and fsu2 which suppress the flocculent phe-
notype in FLOT strains were found (66). In a subsequent
study, a third flocculation suppressor, proposed as fsu3,
was described; this is widely distributed among the non-
-flocculent strains. This gene suppresses the flocculent
character in the strain IM1-8b (used in that study) but
has no effect on other strains characterized as FLOI or
FLO5 (50,54). The manner in which these genes suppress
flocculation remains to be clarified.

Other genes responsible for flocculation. Besides
the FLO and their suppressor genes, a series of muta-
tions in other regulatory genes also originate a flocculent
phenotype in Sacch. cerevisiae (Table 2). Among these, the
best studied are the mutations in the TUPI1 and SSN6
genes (or their alleles) which cause flocculation similar
to that conferred by the FLO genes, apart from other
pleiotropic effects (67,68). TUP1 and SSN6 are regulatory
genes involved in inhibiting transcription activators (69).
Similarly, the loss of activity of other genes that are non-
-allelic with the above ones, such as SFL1, Table 1 (70,
71), CKA2 (72), FH4C (73) and PHO?2 (60), also gives rise
to flocculation.

Overexpression of the LSR1  transcription factor of
Sacch. cerevisine (59) also confers a flocculent phenotype
similar to that of FLO1 strains. The same occurs with the
heterologous transcription activator HTLV1-Tax when
expressed in Sacch. cerevisiae (74) and also with the hu-
man gene Ha-ras (75).

Likewise, mutations in different genes involved in
cell wall synthesis (wal, abs, kre6 and sknl) also originate
flocculation. Furthermore, these mutations increase the
excretion of invertase, acid phosphatase and melibiase,
and alter cell morphology (76-78). The way in which
these genes induce cellular aggregation remains unclear
since they are not regulatory genes and must necessarily
be related to the overall cell architecture. Additionally,
some authors have suggested that alterations in these
genes may render cells more susceptible to responses to
stress or, alternatively, modifications in the cell wall that
may help the flocculines to reach the cell surface (59).

Structural or regulatory nature of flocculation genes.
Non-flocculent strains with a mutation in their regula-
tory genes such as TUPI or S5N6 show a flocculent phe-
notype similar to those having an active FLO gene. In
view of this, it has been suggested (i) that the structural
gene encoding flocculation lectins is probably common
and is present in all strains of Sacch. cerevisiae, and (ii)
that flocculation genes, like TUPL and SSN6, would be
regulatory genes that activate the expression of a hith-
erto unidentified structural flocculation gene (1).
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However, molecular studies on FLO genes (FLOI,
FLO5, FLO9 and FLOI1) now make it possible to con-
sider them as structural genes. The FLO! gene has been
cloned (79,80) and sequenced (81,82) by several rescarch
groups; the gene is of 4.5 Kb and codes for a 150 KDa
protein. As regards the FLOT sequence, it has been con-
cluded that the protein codified by the gene starts with
a hydrophobic secretory signal sequence and belongs to
the class of GPl-anchored serine/threonine-rich cell wall
proteins. The protein would be located with the N-ter-
minus exposed to the medium (81,82) (Fig. 1B). These
data have been confirmed by other authors. Thus, Bi-
dard ef al. (83) using FITC-labelled antibodies against the
N-terminus part of the protein, demonstrated its pres-
ence in the cell wall. The same results were obtained
when the N-terminus of the protein codified by FLO11
was fused with the GFP (Green Fluorescent Protein)
which is able to produce fluorescence in vive without co-
factors; fluorescence appears externally surrounding the
cell (61).

The fact that the protein is localized in the cell wall
and that no DNA binding motifs — i.e. helix-loop-helix,
leucine zipper or Zn-finger — are present in the sequence
strongly suggests a direct role of FLO genes in floccula-
tion. FLO genes must therefore be structural flocculation
genes. In some strains they are expressed constitutively
while in others they are regulated (at least FLO1, FLO5
and FLOY) by TUP1 and S5N6, which form part of a
regulatory cascade. TUPI and SSNé are involved in the
repression of many important genes in yeasts. It has
been suggested that Tuplp-Ssnép locates the genes that
it represses by recognizing the specific DNA-bound pro-
teins present in each promoter (84). Recently, Shankar et
al. (85) have proposed that a good candidate for such a
protein would be the product of the MIGT gene: a C,H,
Zinc-finger DNA-binding protein with domains for
Tuplp and Ssnop (86). It was found that MIGI plays a
role in flocculation. Disruption of MIGI in a flocculent
strain or in a tupl mutant results in a non-flocculent
phenotype and overexpression of the gene causes strong
flocculation (85). According to those authors MIGI has a
probable repressor function in flocculation gene expres-
sion. An activator (FLO8 has been decribed as an activa-
tor of flocculation genes) could be controlled by an ac-
tive repressor whose function is repressed by MIGI.

Flocculation is thus a crucial property in almost all
yeasts used in many industrial processes, specially when
it is expressed in the late exponential phase of growth.
However, more work is necessary to confirm the pro-
posed model and to finally clarify how flocculation is
regulated; this would be of great interest to control the
character in industrial strains.
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Pregled genske i molekularne biologije flokulacije u Sacch. cerevisiae

SazZetak

Flokulacija u Sacch. cerevisiae je reverzibilni proces agregacije stanica. Njihova sposobnost da flokuliraju
omogucije djelotvorno odvajanje stanica od fermentacijske podloge i olakSava izdvajanje proizvoda u daljnjem
tijeku prerade. Najvazniji napredak postignut je u razumijevanju mehanizma flokulacije i njegove geneticke osno-
ve. U clanku su prikazana najnovija dostignuca u oba podrudja i dane neke sugestije za daljnja istraZivanja.





