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A yeast strain secreting endopolygalacturonase was used in this work to study the possibility of
continuous production of this enzyme. It is a feasible and interesting alternative to fungal batch
production essentially due to the specificity of the type of pectinase excreted by Kluyveromyces
marxianus CCT 3172, to the lower broth viscosity and to the easier downstream operations. In
order to increase the reactors’ productivity, a cellulosic carrier obtained from barley spent grains
was tested as an immobilization support. Two types of reactors were studied for pectinase produc-
tion using glucose as a carbon and energy source — a continuous stirred tank reactor (CSTR) and
a packed bed reactor (PBR) with recycled flow. The highest value for pectinase volumetric pro-
ductivity (P,=0.98 U ml"' h™') was achieved in the PBR for D=0.40 h™', a glucose concentration on
the inlet of S, =20 g /", and a biomass load in the support of X;=0.225 g g”'. The results demon-
strate the attractiveness of the packed bed system for pectinase production.
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Pectinases are a group of enzymes responsible for the hy-
drolysis of pectic materials found in plants. They are impor-
tant industrial enzymes, used for cloud point stabilization in
juices, to increase pulp extraction from fruits and vegeta-
bles, in cocoa bean fermentation and for soluble tea prepara-
tions. More recently, they have been used in the textile in-
dustries for the degumming of fibre crops, in wastewater
treatment and in the paper industries (1).

At present, pectinases are obtained from batch cultures of
Aspergillus niger, a generally regarded as safe (GRAS) mi-
croorganism. Fungal batch cultures are generally a viscous,
complex mixture of enzymes and metabolites. In fact, com-
mercial pectinase is a blend of different enzymes with pecti-
nolytic activity, together with amylases, arabinofuranidases,
and other enzymes (2). Some GRAS yeast strains were found
to excrete specific types of pectinolytic enzymes, allowing
for the preparation of standardized enzyme mixtures for in-
dustrial use (2). Actually, there are processes using a spe-
cific type of pectinase, such as the preparation of citrus and
orange juices, where endopolygalacturonases are preferred
to maintain the turbidity and opaque aspect of juices (3).
The main disadvantage for yeast pectinase production is the
relatively low yield of these enzymes obtained by batch fer-
mentation (2). The use of a pectinase producing yeast, to-
gether with the possibility of operating in continuous biore-
actors with immobilized cells, would be an interesting alter-
native.
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The yeast Kluyveromyces marxianus CCT 3172, isolated
from a cocoa fermentation in Brazil (4, 5), was selected due
to its relatively high yields of endopolygalacturonase pro-
duction and was used in this work.

As a way to increase the productivity of continuous bio-
reactors, a high cell density is desirable and can be achieved
using immobilized cells. Besides materials used for cell en-
trapment (such as alginate, pectate, carrageenan, kappa-
carrageenan, agar and synthetic polymers) and retention
membranes forcing the cells to remain inside the reactor,
yeast cells can be immobilized on the surface of porous
glass, kieselguhr, wood chips, cellulosic fibers and cellulose
derivatives, activated charcoal and artificial polymers (6—
16). For industrial purposes, an important choice criterion is
the carriers’ cost, which, combined with the interest in by-
products reuse and valuation, led to an increased search for
cheap and available potential cell carriers. Work has been
developed in order to produce efficient cellulosic carriers
from different origins, since cellulosic materials have a wide
variety of physical and chemical properties that allows them
to be used in different immobilization systems (8). Several
examples of their successful use can be found, such as con-
tinuous wine production by yeasts supported in delignified
cellulosic materials (DCM) (10, 11), beer making using
yeasts adsorbed in DEAE—cellulose (15) or in DCM (7), and
immobilized kefir yeast fermentation of raw materials to
obtain alcoholic drinks (6). Another example is the cellulosic
carrier obtained from barley spent grains, a by-product from
the brewing industries. In fact, it was found to be a very
efficient carrier due to its high yeast loading capacity, easy
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preparation, reusability, availability and to its inert, non-
toxic nature (17, 18).

The work described in this paper was focused on produc-
ing endopolygalacturonase using continuous bioreactors with
immobilized yeast cells on barley spent grains. Two differ-
ent reactor designs were tested where the volumetric pecti-
nase productivity was the main target parameter.

MATERIALS AND METHODS

Media and strain  In this work, the wild type K. marxianus
CCT 3172 used to inoculate both continuous reactors was grown
in 200 ml (in 500-ml Erlenmeyer flasks) semi-synthetic media at
30°C, 120 rpm for 24 h.

The semi-synthetic media (SS) for yeast growth included 5 g /!
K,HPO,, 2 g /' (NH,),SO,, 0.4 g/ MgSO,-7H,0, 1 g/ yeast ex-
tract, and different concentrations of glucose (10, 20, 30, 40, 80
gih).

Preparation of the carrier  The cellulosic carrier was ob-
tained from spent grains as follows, according to the steps de-
scribed by Branyik and co-workers (17, 18). One hundred g of dry
spent grains was treated with acid (1500 ml of a 3% [v/v] HCI
solution, 60°C, 2.5 h) in order to hydrolyze the starchy endosperm
and embryo of the barley kernel. After cooling, it was washed with
water and dried. The remaining solids (ca. 30 g) were partially de-
lignified with NaOH (500 ml of a 2% [w/v] solution, 30°C, 24 h,
120 rpm). Several washing steps with water were needed to reach
a neutral pH. After drying, the carrier (ca. 10 g) was ready to be
used.

Enzyme assays The endopolygalacturonase activity in the
reactor effluent was assessed using the method described by
Honda and co-workers (19). One unit (U) is defined as 1 pmol of
galacturonic acid released after 1 min of hydrolysis of polygalac-
turonic acid in the presence of the enzyme at 40°C, pH 4.1.

Analytical methods  Glucose concentration was determined
by the DNS method for reducing sugars quantification (20). For
total protein determination, the samples from reactors were centri-
fuged, filtered and then dialyzed with a 14000 MWCO membrane
(Medicell International, London, UK) against cold distilled water
for 16 h. The Bradford method was followed (21), using the
Coomassieblue reagent (Pierce, Rockford, IL, USA) in ELISA
plates.

Protein adsorption on the carrier surface A pre-grown
culture of K. marxianus CCT 3172 was separated by centrifuga-
tion. The pectinase-rich supernatant was used for adsorption quan-
tification in three Erlenmeyer flasks (40 ml of supernatant in each
one). Two different amounts of spent grains were inserted in two
flasks (0.50 g and 1.0 g). The third flask was used as a control
where no spent grains were added. All three flasks were shaken in
an orbital shaker (30°C, 120 rpm). Samples were taken throughout
5h and its free protein concentration (not adsorbed) was deter-
mined by reading the fluorescence intensity (280 nm/400 nm).

Cell contact angle measurement A solution of 20 g/ of
agar and 10% glycerol was cast on a microscope slide. Cell sam-
ples were taken from a continuous reactor outflow and washed
with a solution with increasing ethanol concentration (10%, 20%
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and 50%, w/v). One milliliter of a cell suspension in 50% ethanol
with an 4, ,,=2.0 was spread on the solidified agar and glycerol
and allowed to dry. This step was repeated 4 times (22). Contact
angles were measured at room temperature using water, forma-
mide and a-bromonaphtalene in a contact angle apparatus (Kruss,
Hamburg, Germany) by the sessile drop technique. The total sur-
face tension (y'*') and its components (y*V, v*, y-, y*B), the values of
the free energy of interaction between cells and water AGiy, and
the components (AGr, AGA2) were calculated according to van
Oss and co-workers (23, 24). The values of cell surface tension,
base-treated carrier surface tension, free energy of interaction be-
tween cell surfaces and free energy of interaction between base-
treated carrier surfaces are presented in Table 1. From these values,
the free energy of interaction between K. marxianus cells and base-
treated carrier AGL., was calculated (23).

Scanning electron microscopy (SEM) A sample of bio-
catalyst was taken from the continuous stirred tank reactor (CSTR),
washed with water and with a solution of increasing ethanol con-
centration (10%, 25%, 50%, 75%, 90%, 100%). It was allowed to
dry for 5d in an exicator and covered with a thin gold layer to
allow for SEM observation.

Biomass quantification = The free biomass concentration at
the reactor outlet was measured by reading the absorbance of sam-
ples at 600 nm and then converting this value to dry weight per
volume using an appropriate calibration curve.

To quantify the immobilized biomass in the CSTR, samples of
50 ml (corresponding to approx. 0.7 g of biocatalyst) were with-
drawn from the reactor with a syringe by a sterile procedure. The
carrier with adsorbed yeast cells was allowed to settle and was
gently washed with 200 ml of distilled water. The resulting suspen-
sion was filtered and washed with water; the filter paper with car-
rier and immobilized cells was dried at 105°C for 16 h. A washing
step (during 24 h at 120 rpm) with a 3% (w/v) NaOH solution re-
leased the attached biomass. After washing with distilled water
and filtering, the biomass free carrier was dried at 105°C for 5 h.
The biomass weight was calculated as being the weight difference
of the dry carrier before and after the NaOH washing (18). Correc-
tions of the biomass weight for the losses of carrier itself were car-
ried out by blank experiments with clean carrier. Biomass load was
expressed as g biomass g™ carrier.

Bioreactor operation  Both reactors were sterilized for 3 d
with a hypochlorite solution. After this period, 10 reactor volumes
of sterile distilled water were used to wash the columns.

The CSTR was a Perspex column with a height to internal di-
ameter ratio (H/Di) of 1.5 and an effective volume of 730 ml. The
stirrer (a four-blade marine propeller with a diameter of 5 cm) axis
was centered and rotational speeds of 80 min~' and 200 min™! were
tested. Inside the reactor, 15 g of sterilized carrier together with SS
medium containing glucose (10 g ") were inoculated with a previ-
ously grown culture of K. marxianus CCT 3172. After 24 h of
batch growth, the continuous feeding was started and samples
were taken for the different steady states from the outlet. To pre-
vent contamination, sterilized air was continuously forced to the
reactor headspace. Different dilution rates were used.

The packed bed reactor (PBR) was also a Perspex column, with
an H/Di of 12 and an operation volume of 310 ml. Twenty-five g of
sterile dry carrier was aseptically inserted in the column and then

TABLE %\.B Surface tension y* (apolar y-¥ and polar y*, y-, y*B components) and free energy of interaction AGuy (apolar AG Ly and
polar AGy,, contributions) for cells K. marxianus CCT 3172 grown in batch and continuous culture, and for the base-treated carrier

e Y s yAB et AGEY AGY AGS AGS
Cells from batch culture 32.1 3.24 53.5 26.3 58.4 -1.99 29.4 27.4 7.60
Cells from continuous culture 24.8 6.15 53.2 36.2 61.0 -0.20 23.1 22.9 1.86
Base treated carrier 40.9 0.013 591 0.56 41.5 -5.98 -51.7 -57.7 —

All values in mJ m™=2.
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inoculated with a pre-grown yeast culture. After 24 h of batch
growth in the reactor, continuous operation was started by feeding
SS medium with 40 g "' glucose at the bottom of the column. A re-
cycle rate of 40 ml h™' was used during the entire operation time,
by reintroducing part of the exit to the bottom of the column.

For both reactors, the dilution rate was considered to be D (h™)
= volumetric rate/total volume occupied by media and biocatalyst.
All assays were performed at 25°C.

RESULTS AND DISCUSSION

Cell immobilization  The carrier is both irregular in
shape and non-homogeneous in chemical composition, hav-
ing “active sites” that are preferably colonized by yeasts.
The differences in the carrier colonization, as seen on the
SEM, reflect the non-homogeneous cell-carrier interactions
(Fig. 1). On the sample, corresponding to 26 d of reactor
operation, there is still a large area of non-colonized carrier,
although a steady-state value was already attained for im-
mobilized biomass load at this point.

The maximum immobilized biomass load obtained for
strain K. marxianus CCT 3172 (0.320gg™) in the CSTR
was significantly lower than the one achieved in previous
work with Saccharomyces uvarum for beer fermentation
(ca. 0.600 g g (14). This can be explained both by differ-
ences between the growth conditions of the continuous cul-
tures (substrate concentration, aeration, reactor design) and

o,

FIG. 1. SEM microphotographs of the biocatalyst sample; bars
correspond to 100 pm (a), 50 um (b) and 20 pum (c).
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by different yeast surface properties.

Regarding the free energy of interaction between cells
and carrier in water, the values (AGu,=7.60£7.05 mJ m>
for cells grown in batch culture and AG,=1.86+8.70 mJ
m for cells at the outlet of the continuous reactor) showed
an energetically less favorable adhesion between K. marxi-
anus cells and the surface of spent grains particles in the
presence of water compared to S. uvarum adhesion to spent
grains, for which the free energy was AGuy,=—4.2+10m]J
m~ (data not published). The results revealed a more impor-
tant role of polar acid-base interactions (y*B, AGA.) in the
cell—cell adhesion of the K. marxianus cells, while the apo-
lar interactions (AGLw) were almost negligible. Although
the average free energy of interaction between K. marxianus
cells from continuous culture and the spent grains surface in
the presence of water was slightly higher than zero, negative
values are included in the error bar, which shows that the
cell-carrier adhesion can be energetically favorable. The
standard error is relatively high due to the carrier’s non-
homogeneous surface properties.

The higher hydrodynamic stress conditions in the CSTR
(mechanical agitation) as opposed to the mild conditions in
the air lift reactor (ALR) (18) can also account for a lower
immobilized biomass load. Since this yeast strain does not
secrete polysaccharides to help biofilm attachment, it can be
assumed that the nature of the adhesion is likely to be influ-
enced by shear stress.

In CSTR the immobilized biomass load reached a sta-
tionary value of approx. 0.200 g g™! carrier after 9 d of con-
tinuous operation. When clean carrier was introduced (13 g),
an increase in the stirrer rotational speed from 80 min™' to
200 min! was needed to keep the biocatalyst in suspension.
With this change in operating conditions, a cell load of
0.320 g ¢! was obtained (Fig. 2). The increased immobi-
lized biomass load achieved when the stirrer speed was
higher apparently contradicts the hypothesis of the shear
stress induced yeast biofilm detachment. However, this ob-
servation could be explained by a disintegration of the spent
grain particles as a result of the shear forces caused by in-
creased stirrer speed, which increases the specific surface of
the carrier available for cell attachment. Although no ex-
perimental evidence is available for this specific reactor,
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FIG. 2. Evolution of glucose concentration S (circles), free bio-
mass concentration X (squares), pectinase activity Act (triangles), im-
mobilized biomass X; (lozenges), and dilution rate D (-) during CSTR
operation. The arrows mark the changes in the inlet glucose concentra-
tion, the addition of fresh carrier and the change in rotational speed.
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FIG. 3. View of the biocatalyst bed inside the PBR.

this observation is supported by previous studies with dif-
ferent initial particle surface areas (17). Besides, when the
noncolonized carrier was introduced into the reactor (Fig.
2), the carrier-cell adhesion might have been enhanced both
by the carrier’s free active sites and by the increased number
of hydrophobic cell wall areas of the continuous culture
yeast cell population. Cell wall structure and properties
change with cell age and with an increase in the number of
hydrophobic scars during continuous culture (25).

In the case of the PBR, the carrier bed had a significantly
different structure. Therefore, the sponge-like packing of
the reactor (spent grains), besides the already mentioned
immobilization mechanisms, worked as a filter layer allow-
ing for local accumulations of yeast biomass visible to the
naked eye. Due to the lack of the agitator, the metabolic CO,
formed in the course of the experiment created void spaces
(bubbles) inside the carrier bed (Fig. 3). CO, bubbles were
periodically escaping through the top of the column. This
movement caused some mixing in the packed bed and the
release of biomass deposits. At the end of the operation
time, the PBR reactor had a biomass load of 0.247 g g! car-
rier at the bottom and 0.204 g g! at the top.

Pectinase productivity = The experiments dealing with
pectinase productivity were carried out both in a CSTR and
a PBR. During the operation of both reactors, the free bio-
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FIG. 4. Evolution of glucose concentration S (circles), free bio-
mass concentration X (squares), pectinase activity Act (triangles), and
dilution rate D (—) during PBR operation. The arrows mark the changes
in the inlet glucose concentration.
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TABLE 2. Literature values for polygalacturonase production

Productivity Activity

Source (Uml' b (Uml) Reference
A. niger® Not reported 10.2 (free cells) 30

A. niger® Not reported 18.9 (immob. cells) 30

G. klebahnii 12.8° 40 (free cells) 31

L. edodes® 0.044*  12.2 (solid state ferm.) 32

K. marxianus® 0.75 11 (free cells) Arnot, 19944

* Calculated from reported culture times or dilution rates.
b Batch cultures.

¢ Continuous cultures.

4 Arnot, T.C., Ph.D. thesis, Reading University, UK, 1994.

mass concentration, glucose concentration and pectinase ac-
tivity were measured at the reactor outlets (Figs. 2 and 4). In
the whole range of studied experimental conditions, signifi-
cantly higher pectinase activities where found in PBR os-
cillating between 2.45 Uml™ and 7.82 Uml™!, while in the
CSTR the pectinase activities ranged from 0.08 Uml™ to
1.01 Uml™".

Several systems for polygalacturonase production have
been tested and reported. Activity and productivity values
found in the literature are presented in Table 2. The different
methods used to determine the polygalacturonase activity,
the different microbial sources and experimental arrange-
ments account for the wide range of polygalacturonase ac-
tivities and productivity values.

Endopolygalacturonase is produced by K. marxianus
CCT 3172 as a primary metabolite (4, 26). In fact, the pecti-
nase activity increased with total glucose consumption (Fig.
5) while the pectinase volumetric activity (Py) is indepen-
dent on this variable due to the changes occurring in dilu-
tion rate. This indicates that, for this bioreactor, there is a
maximum capacity for glucose transformation in pectinase.

Using the PBR, the volumetric productivity values range
from 0.61 to 0.98 U h™' ml™! and increased with the dilution
rate for the inlet glucose concentrations (S;,) tested (Fig. 6).
However, as can be seen in Fig. 4, the glucose was in most
cases only partially consumed and this fact could lead to
erroneous conclusions from a direct reading of Fig. 6. When
the specific pectinase production rate (¢g,) and the specific
glucose consumption rate (gy) were represented (27), the
same tendency for a linear increase with D was found (Fig.
7). As it was not possible to withdraw samples from the
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FIG. 5. Effect of the consumed glucose on pectinase activity
(empty triangles) and volumetric productivity (filled triangles) in the
PBR.
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FIG. 6. Pectinase volumetric productivity for different inlet con-
centrations of glucose. PBR data are shown as filled symbols and
CSTR data as empty symbols. Triangles correspond to S, =10g/™,
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FIG. 7. Effect of the dilution rate on the specific pectinase produc-
tion rate (g,) (circles) and on the specific glucose consumption rate
(qs) (triangles) in the PBR. Empty symbols refer to S, =20 g/, filled
symbols refer to S;,=40 g /™'.

packed bed throughout the operation time, these values
were calculated assuming that 150 h from the beginning of
continuous operation the immobilized biomass load was
constant, with an average value of 0.225 g g! carrier, corre-
sponding to a total biomass concentration of 18.5g /. As a
consequence of this, a continuous operation at a high dilu-
tion rate (optimized as a function of process economics and
downstream separation procedures) together with lower in-
let glucose concentrations should be preferred. The best
operating conditions in the PBR were found to be at D=
0.40 h™! and an inlet sugar concentration of 20 g /-'.

As shown in Fig. 5, the CSTR pectinase productivity val-
ues were very low for all the dilution rates and glucose con-
centrations on the inlet. Although the different productivity
values obtained for CSTR and PBR were not expected,
some reasons could be found to explain it. It has been re-
ported for several Kluyveromyces and Saccharomyces strains
that the production of endopolygalacturonase depends upon
the dissolved oxygen concentration in the culture media.
Wimborne and Rickard (28) found that under anaerobic con-
ditions, achieved by bubbling CO, or N,, the enzyme was
produced, but at 60% of oxygen saturation its production
was completely repressed. Cruz-Guerreiro and co-workers
(29) studied the strain K. marxianus CDBB-L-278 and found
that a dissolved oxygen concentration of 3.3 mg /"' was the
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TABLE 3. Effect of oxygen presence/absence on yield (Y}), specific
activity (Sp. act.), and productivity (P,,) in batch production of
endopolygalacturonase by the strain K. marxianus CCT 31722

N, Air
Non-gassed 79 /min1) (0.98 /min")
Y5 (U g™! glucose) 79.5 62.6 21.8
Sp. act. 175 105 47.0
(U mg™! total protein)
P, (Uml ' h) 0.105 0.011 0.040

2 Pereira, M., Ph.D. thesis, University of Minho, Portugal, 2003.

threshold for repression of endoPG production, regardless
of the culture temperature. An increase in temperature val-
ues (at the same O,% of saturation) improved the enzyme
production, but the authors believe that this effect was di-
rectly related to the reduction of dissolved O, concentration
at higher temperatures. Studies of K. marxianus CCT 3172
with a 1.5-/ batch reactor were performed and Table 3 sum-
marizes the experimental results. The nonaerated reactor,
where mixing was achieved only by mechanical stirring,
proved to be the best choice in terms of pectinase yield and
productivity (Pereira, M., Ph.D. thesis, University of Minho,
Portugal, 2003).

Neither the PBR nor the CSTR had direct air injection,
but in the CSTR an air inlet was placed at the top of the re-
actor, to avoid contamination through the stirrer insert. The
continuous supply of sterile air into the headspace, together
with the high stirring speed used during operation, provided
the culture with dissolved oxygen, possibly enough to alter
the cells physiological state towards low pectinase produc-
tion.

An assay was performed to verify the extent of pectinase
adhesion/adsorption at the surface of spent grains. After the
first hour, during which a decrease in free protein was ob-
served, no significant change was found in the protein con-
centration. The amount of protein adsorbed was 49+11
ug g! carrier. Therefore, it can be assumed that the carrier
becomes saturated during the first hour of reactor operation,
further pectinase adsorption being negligible.

K. marxianus CCT 3172, the wild-type strain, was iso-
lated from a cocoa fermentation, where its activity was re-
lated to the breakdown of the pectic materials on the surface
of cocoa beans (4). Its optimal environment should there-
fore be a culture over a solid lattice, with no hydrodynamic
stress and a very low oxygen concentration. These condi-
tions are to a certain extent similar to those found inside the
PBR. The highest volumetric productivity value (P,=0.98
Uml'h™) (Fig. 6) is 10 times higher than the one obtained
for K. marxianus strain CCT 3172 in a non-aerated batch
culture (Table 3). A further improvement could be the addi-
tion of pectin (activator of pectinase production) into the
media; however, this has already been tested with this strain
(4) and no increase in pectinase activity was found in the
broth.
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