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Abstract

Yeast flocculation is under genetic control and is described as a cell wall interaction. This characteristic of yeast
cells has been traditionally used in industrial fermentation processes. The surface characteristics of the cell walls are
expected to be a determinant factor in the aggregation mechanism. Results confirming this have been reported for
Succharomyces strains. It 1s important to extend these studies to other genera. Among them, due to its potential
industnial interest, Kluyveromyces strains must be considered. In this work are reported results relating cell wall surface
properties (hydrophobicity and electrophoretic mobility) with the flocculation ability of a strain of Kluyveromyces
marxianus. The effect of proteolytic enzymes, pH, salts and sugars on flocculation was also studied. The resuits
obtained clearly demonstrate that cell wall hydrophobicity is a major determinant in the flocculation ability of the
Kluyveromyces marxianus cells.
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Flocculation ability

1. Introduction

Flocculation in yeasts is usually defined as the
ability of cells to aggregate spontaneously and
form flocs which sediment rapidly in culture
medium [ 17]. This capacity of yeast cells has been
traditionally utilized by the brewing and wine
industries and. more recently, in continuous
ethanolic fermentation processes. By allowing an
increase in the biomass concentration in the biore-
actor or by facilitating downstream processing, the
flocculation ability of yeasts may be an important
factor in the overall performance of the process.

So far, the main studies on yeast flocculation
only report results obtained with Saccharomyces
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strains. Few deal with flocculent yeasts belonging
to other genera.

Yeast flocculation is under genetic control and
is described as a cell wall interaction [2,3]. The
lectin-like model proposed by Miki et al. [2] is
generally accepted. In this model, a specific lectin-
like component present in the cell wall of the
flocculent strain will recognize and adhere to a-
mannans carbohydrates on an adjoining cell, with
Ca** ions acting as cofactors activating the binding
capacity.

Some important features of flocculation of
Saccharomyces strains  have been identified:
calcium is required for flocculation [4,5]. floccula-
tion is inhibited specifically by sugars. namely
mannose and mannose derivatives [6.7]. non-
flocculent cells can interact with flocculent cells
[8]. and flocculation is shown to be affected by
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cultural conditions [9]. It has also become clear
that hydrophobic interactions play a crucial role
in microbial adhesion phenomena [8,10,11].
Several studies have been presented dealing with
the relationship between cell surface hydrophobi-
city and yeast flocculation. All the studies, as
previously mentioned, using Saccharomyces strains,
indicate that an increase in flocculence is strongly
correlated with an increase in cell surface hydro-
phobicity. Surface charges may also be expected
to play a role in flocculation. However, no correla-
tion has been found between flocculation and zeta
potential for bottom fermenting Saccharomyces
strains [11,12].

Since flocculation experiments have been cen-
tered in Saccharomyces strains, it is important to
extend flocculation studies to other genera.
Kluyveromyces, due to its potential in fermenting
lactose for cheese whey recovery, is a species
of industrial interest [13]. Teixeira et al. [14]
described the utilization of the Kluyveromyces
strain under study for the ethanolic fermentation
of lactose in high cell density continuous systems.

Reported results for a Kluyveromyces strain indi-
cate that, as for Saccharomyces strains, a cell wall
protein is involved in the flocculation mechanism
[15,16]. Also, it has been shown that the structure
and/or spatial arrangement of the cell wall groups
involved in flocculation is not the same in K.
marxianus and S. cerevisiae [ 17].

In this work, the characterization of surface
properties (electric charge and hydrophobicity) of
yeast cells of a Kluyveromyces strain and its
involvement in flocculation are discussed.

2. Material and methods
2.1. Yeast strain and culture conditions

The yeast strain investigated in this study was
Kluyveromyces marxianus (ATCC 10 022).

Flocculation was induced in a continuous bio-
reactor as described by Mota and Teixeira [18].
It was necessary to use this methodology, since no
flocculation occurs when the cells are grown in a
batch bioreactor.

In all experiments (either batch or continuous)

the culture medium had the following composition,
per liter of tap water: lactose, 50 g; KH,PQO,, 5 g;
(NH,),S0,, 2 g; MgSO,-7H,0, 0.4 g; yeast extract,
1g

2.2. Surface charge

The surface charge was measured as the electro-
phoretic mobility in a Zeta-meter system 3.0 +
(Zeta-meter Inc., New York).

The zeta potential was measured in 5 mM phos-
phate-buffered saline (PBS) at different values of
the pH (3, 4, 5, 6) obtained by the addition of HCL

Prior to the measurements, the yeast cells were
thoroughly washed with deionized water and resus-
pended in each pH solution to a final absorbance
value of 0.8, measured at 620 nm (A¢,q).

The results expressed in millivolts are the
average of 20 measurements.

2.3. Flocculation assay

To measure the flocculation ability of
Kluyveromyces marxianus, the yeast cells were
washed with deionized water and resuspended in
the flocculation buffer (50 mM acetate buffer
(pH 4.0) with 1 mM CacCl,) to a final A4,,, value
of 2.0.

- A 700 ul portion of this cell suspension was
added to a 1 ml cuvette and whirl-mixed for 20 s,
followed by five inversions of the cuvette immedi-
ately after mixing. The measurement of the floccu-
lation ability of the cells corresponds to the
maximum rate of decrease in optical density (OD)
per minute (40D/4t) [ 7]. The values obtained for
the flocculation ability represent the mean of 5-10
experiments and are affected by an error that is
not higher than 10%.

2.4. Determination of cell surface hydrophobicity

The cell surface hydrophobicity was measured
by three different techniques: interaction of yeast
cells with hexadecane, phase partition and hydro-
phobic interaction chromatography.
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2.4.1. Interaction of yeast cells with hexadecane

The assay involving the interaction of yeast cells
with the hexadecane was based on the method
described by Rosenberg for bacteria [197]. In this
procedure, 1 ml of n-hexadecane was added to 4 ml
of washed yeast cells resuspended in the floccula-
tion buffer to a final A, value of 2.0. This mixture
was then vortexed during 60 s, with a 5 s pause
after the first mixing period of 30 s. The two phases
were allowed to separate for 5 min.

The percentage of adhered cells was determined
by the decrease in the absorbance value of the
lower aqueous phase measured at 620 nm. The
data were expressed as

(Agaoinitial — Agao final)

%Adhesion =
Agaoinitial

2.4.2. Phase partition

Phase partition was performed in a biphasic
aqueous mixture of poly(ethylene glycol) and
dextran T500 [20].

The biphasic system with an interfacial tension
of 20 mdyncm™!' was prepared according to
Gerson [20].

This solution was whirl-mixed with 3.0g
{expressed as dry weight) of washed cells. The
emulsion formed was allowed to settle by gravity
for 2h and then centrifuged at 200 rev min ! for
15 min.

Samples were taken from both the light and the
dense phase, and cell concentrations were deter-
mined in a Neubauer chamber.

The data were expressed as partition index ( PI),
defined as the ratio between the cell concentration
in the light and the dense phases.

2.4.3. Hydrophobic interaction chromatography
(HIC )

HIC was based on the method described by
Clark et al. [21], with sepharose-CL-4B (the non-
hydrophobic control) and octyl sepharose-CL-4B.

HIC was performed in two burettes of 15 ml
plugged with glass wool and containing 3 ml of
either type of sepharose. The columns were washed
extensively and equilibrated with acetate buffer
{pH 4.0). To each column were applied 2.5 ml of

washed yeast cells resuspended in flocculation
buffer to a final Ag,, value of 2.0.

The percentage of cells eluted from the columns
was determined by reading the absorbance of the
eluted samples at 620 nm. The data were expressed
as the hydrophobic index (HI), defined as

(%Control eluted — %Octyl eluted)
%Control eluted

HI =

2.5. Treatment of flocculent yeast cells

Flocculent yeast cells were treated with a proteo-
lytic enzyme, sugars, salts and by changing the pH,
according to the following procedures.

2.5.1. Proteolytic enzyme

The yeast cells were washed and resuspended in
a solution of HCI (pH 2.0) containing 1.92 g 17! of
pepsin to a final 4,,, value of 2.3.

The cell suspensions were incubated for 10, 30
and 60 min at 37°C under gentle agitation.

The yeast cells were then washed three times
with deionized water and resuspended in the floc-
culation buffer to a final Ag,, value of 2.0.

A control was prepared for flocculent yeast cells
without pepsin.

2.5.2. Sugars

The yeast cells were treated with mannose (10,
25, 50, 100, 200 mM), glucose (50. 100, 200 mM)
and lactose (50, 100, 200 g 17 1).

The flocculent yeast cells were washed and resus-
pended in the flocculation buffer containing the
above-mentioned sugars to a final A, value of 2.3.

The suspension was incubated for 40 min at
room temperature under gentle agitation.

The yeast cells were then washed three times
with deionized water and resuspended in the
flocculation buffer to a final A,y value of 2.0.

The controls were incubated with the floccula-
tion buffer only.

2.5.3. Salts

Yeast cells were washed and resuspended in
acetate buffer (50 mM; pH 4.0) containing CaCl,
and NaCl to a final A4,, value of 2.3.
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The suspension was incubated for 40 min at
room temperature under gentle agitation.

The cells were then washed three times with
deionized water and resuspended in flocculation
buffer to a final A,y value of 2.0.

Controls were incubated with acetate buffer
only.

2.54. pH

A series of solutions with pH values in the range
3.0-6.0 was prepared with acetate buffer.

Yeast cells were washed and resuspended in each
solution to a final A, value of 2.3.

The suspension was incubated for 40 min at
room temperature under gentle agitation.

The cells were then washed three times with
deionized water and resuspended in the floccula-
tion buffer to a final Ag,, value of 2.0.

3. Results and discussion

As a first attempt, the measurement of contact
angles was tried as the hydrophobicity assay to
be used. Although the procedure described by
Busscher et al. [22] was followed closely, it was
not possible to obtain reasonable contact angles.
The penetration of the water drop into the cell
lawn was so fast that in most of the cases it was
impossible to make the measurement. Other inves-
tigators have reported a similar experience [23].

To solve this problem, it was decided to use
hydrophobicity tests based on the measurement of
actual binding to a hydrophobic ligand, such as
hexadecane, octyl-sepharose and poly(ethylene
glycol), because their similarity would anticipate a
good correlation.

Table 1 summarizes the results obtained for all the
hydrophobicity assays.

Comparing the results, a good correlation is
observed between the three methods. This seems
to be in agreement with published comparisons of
various cell surface hydrophobicity tests [24].

As has been suggested, even presumably similar
tests measure essentially different properties [23].
It is not possible to measure the absolute surface
hydrophobicity of a cell, but using the same

Table 1

Hydrophobicity of the cell walls of flocculent* and non-
flocculent® yeast strains of Kluyveromyces marxianus, using
three different assays

Type of Flocculent Non-flocculent
data obtained® strain strain

% Adhesion 20 11

HI 0.84 0.65

PI 0.052 0.023

# Grown in a continuous system.
® Grown in a batch system.
¢ Relating to the three assay methods.

method it is possible to obtain values that can be
used on a comparative level.

An important result expressed in Table 1 is that
all the tests assayed for measuring cell wall hydro-
phobicity clearly show that the hydrophobicity is
higher for flocculent cells than for non- flocculent
cells of K. marxianus. These data are a first indica-
tion that cell surface hydrophobicity may be a
determinant factor in the flocculation mechanism
of this strain. These results are similar to those
reported for Saccharomyces strains [8,10,11].

It is known that the ability of cells to flocculate
is dependent on factors such as the pH, sugar
concentration, divalent ion concentration (namely
Ca?*) and monovalent ion concentration (Na™
and K *). To characterize the flocculation mecha-
nism of the Kluyveromyces marxianus strain, the
effect of these parameters on the flocculation ability
of this yeast was tested. Cell wall hydrophobicity
measurements were also made to try to correlate
this parameter with flocculating capacity.

As far as flocculation ability is concerned, the
results obtained for the pH variation (Table 2)

Table 2

Influence of pH on the cell surface hydrophobicity and
flocculation ability of the flocculent yeast Kluyveromyces
marxianus

pH % Adhesion AOD/ At
(min™ 1)
3.0 11.7 0.004
4.0 17.9 0.007
5.0 26.5 0.009
6.0 8.15 0.003
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indicate that there is an optimal pH value close to
5.0 and that flocculation is strongly inhibited for
pH vales lower than 3 and higher than 6. These
results are similar to reported values for several
Saccharomyces strains [ 7].

In this set of experiments, cell wall hydrophobi-
city values seem to be linearly correlated with
flocculation ability. For similar experiments, no
changes in cell wall hydrophobicity have been
reported for Saccharomyces strains [25].

Anyway. it seems reasonable to accept that if
the H™ ion concentration is changed in the incuba-
tion medium, the hydrophobicity of the cell wall
is also modified.

The influence of divalent and monovalent cat-
ions on the flocculation ability of K. marxianus
ATCC 10 022 is presented in Table 3.

Taking into account the results obtained for
calcium, some conclusions can be drawn.

(1) The time and intensity of mixing during
incubation are crucial factors in flocculation. Their
effects are, most likely, to increase the collision
between cells, resulting in an increase in cell—cell
binding.

(2) Tt is also noticeable that flocculation
increases with calcium concentration (in this range
of Ca** ion concentrations). This effect is more
evident for higher agitation systems, indicating the

Table 3

[nfluence of salts on the cell surface hydrophobicity and
flocculation ability of the flocculent yeast cells of
Kluyrveromyces marxianus

Salt Concentration % Adhesion AOD/At
(min™")
CaCl* 0 24.3 0.007
SmM 26.8 0.009
10 mM 18.0 0.006
20mM 16.1 0.004
CaCl,® SmM 24.8 0.009
10 mM 27.8 0.010
20 mM 344 0.013
Na(l S0g 1! 28.0 0.010
100g1! 23.8 0.007
200g 1! 19.7 0.005

* Incubation time, 40 min; agitation rate, 100 rev min ",

® Incubation time, 60 min; agitation rate, 200 rev min~'.

importance of ortokinetic flocculation in the
flocculation mechanism.

(3) Once again, flocculation is correlated with
cell surface hydrophobicity.

Reported results for Saccharomyces strains indi-
cate no reduction in cell surface hydrophobicity in
the presence of calcium [25]. These observations
are consistent with the hypothesis presented by
Sousa et al. [ 17] which suggests that the structure
and/or spatial arrangement of the groups involved
in flocculation are not the same for K. marxianus
and S. cerevisiae.

As in Saccharomyces strains, the Na™ ion has
an inhibitory effect on the flocculation ability of
K. marxianus. Also, in these experiments, floc-
culation is linearly correlated with cell wall
hydrophobicity.

The influence of sugar concentration on floccu-
lation ability and cell wall hydrophobicity is shown
in Table 4.

Only for mannose concentrations higher than
200 mM, a significant reduction in the flocculation
ability of K. marxianus was noticeable. Glucose. in
concentrations up to 200 mM, seems to have no
effect. It is known that Saccharomyces strains
possess different sensitivities to sugars regarding
flocculation ability [26]. As a consequence. it is
not unexpected that a strain belonging to other

Table 4

Influence of sugars on the cell surface hydrophobicity and
flocculation ability of the flocculent yeast of Kluyveromyvees
marxianus

Sugar Concentration % Adhesion AO0D: At
(min ')
Mannose 0 19.2 0.009
10 mM 19.6 0.008
25mM 209 0.008
S0 mM 19.0 0.006
100 mM 17.4 0.006
200 mM 3 0.004
Glucose 50 mM 20.1 0.009
100 mM 19.8 (1.009
200 mM 20.0 0.009
Lactose 50g1 ! 20.2 0.009
100g! ! 19.8 0.009
200g1 ! 19.8 0.009
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genera and with some different characteristics in
flocculation ability displays this behaviour.

It may be argued that the way that mannose
interacts with the cell wall depends on the mannose
concentration. These differences may result in
different spatial arrangements of the mannose
molecule and, ultimately, in changes in the hydro-
phobicity values.

Lactose was assayed only to confirm that it had
no inhibitory effect on flocculation, since the induc-
tion of flocculence of K. marxianus is carried out
in a culture medium containing this sugar.

The treatment of flocculent yeast cells with pro-
teolytic enzymes (Table 5) resulted in the elimina-
tion of flocculation ability, as described for several
yeast strains, and in a huge decrease in the cell
wall hydrophobicity.

Table 5
Influence of pepsin on the cell surface hydrophobicity and
flocculation ability of the flocculent yeast of Kluyveromyces

marxianus

Incubation time % Adhesion A0D/ At
(min) (min~?)
10 6.2 0.0008
30 45 -

60 2.2 -
Control 19.2 0.009

These results suggest that a cell wall protein is
involved in the flocculation mechanism of yeasts.
The electrophoretic mobility results act as
another confirmation of the role played by cell
walls in flocculation. From Fig 1, it may be

flocculent

-20 A

-30 I
-40

Electrophoretic mobility (mV)

pH

non
flocculent

Fig. 1. Electrophoretic mobility of flocculent and non-flocculent cells of Kluyveromyces marxianus as a function of pH.

e 0,014
E 0,012
2 0,01
2 0,008
5 0,006
¥ 0,004
3 0,002
Q
9 0+
0

40

% adhesion

Fig. 2. Correlation between cell wall hydrophobicity of Kluyveromyces marxianus (expressed as the percentage adhesion to

hexadecane) and flocculation ability.
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observed that the largest difference between the
electrophoretic mobilities of flocculent and non-
flocculent cells occurs at pH values at which the
flocculation ability is higher.

It is important to notice that, for all this range
of pH values (and electrophoretic mobility values),
cells grown in batch mode are always non-
flocculent and their degree of hydrophobicity is
always less than 11% (even at the pI of these cells).
On the other hand, the electrophoretic mobilities
of the non-flocculating cells have the same values
for pH between 5 and 6. If this property were an
important factor, the flocculation ability should be
similar. This does not happen and the hydrophobi-
city of the two types of cells is completely different.

As has been pointed out in this discussion, all
the results indicate that the flocculation ability of
K. marxianus ATCC 10 022 and the cell wall
hydrophobicity are linearly related. If all the exper-
imental values are gathered and the flocculation
ability is plotted vs. cell wall hydrophobicity, a
linear relationship (with a correlation coefficient of
0.95) is obtained, as is presented in Fig. 2.

This representation clearly indicates that the cell
wall hydrophobicity is a major determinant in the
flocculation ability of K. marxianus flocculent cells.
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