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Abstract White-rot fungi are extensively used in various
submerged biotechnology processes to produce ligninolytic
enzymes. Transfer of the process from the laboratory to the
industrial level requires optimization of the cultivation con-
ditions on the laboratory scale. An interesting area of opti-
mization is pellet growth since this morphological form
solves problems such as the decreased oxygen concentra-
tion, limited heat, and nutrient transport, which usually
occur in dispersed mycelium cultures. Many submerged
fermentations with basidiomycetes in pellet form were
done with Phanerochaete, Trametes, and Bjerkandera spe-
cies, among others. In our study, another promising basid-
iomycete, D. squalens, was used for ligninolytic enzyme
production. With the addition of wood particles (sawdust)
as a natural inducer and optimization of mixing and aera-
tion conditions in laboratory stirred tank (STR) and bubble
column (BCR) reactors on pellet growth and morphology,
the secretion of laccase and the manganese-dependent per-
oxidase into the medium was substantially enhanced. The
maximum mean pellet radius was achieved after 10 days in
the BCR (5.1 mm) where pellets were XuVy and 5 days in
the STR (3.5 mm) where they were round and smooth. The
maximum Lac activity (1,882 U l¡1) was obtained after
12 days in the STR, while maximum MnP activity
(449.8 U l¡1) occurred after 18 days in the BCR. The pellet
size and morphology depended on the agitation and aera-
tion conditions and consequently inXuenced a particular
enzyme synthesis. The enzyme activities were high and
comparable with the activities found for other investiga-
tions in reactors with basidiomycetes in the form of pellets.
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Introduction

The white-rot fungi, such as Phanerochaete chrysospo-
rium, Trametes versicolor, and Bjerkandera adusta, are an
important group of microorganisms that produce non-spe-
ciWc ligninolytic enzymes, e.g. lignin peroxidase (LiP),
manganese-dependent peroxidase (MnP), and laccase (Lac)
[20, 27]. These are products with a high potential for
degrading a variety of persistent environmental pollutants
[37] and lignocellulosic materials, such as wood [31]. The
industrial production of enzymes is mainly performed by
submerged fermentation (SmF). In this case, these fungi
exhibit diVerent morphological forms, ranging from dis-
persed mycelial Wlaments to densely interwoven mycelial
masses, referred to as pellets [19]. Dispersed mycelia cause
many problems in reactors due to the restricted mass trans-
port of oxygen, heat, and nutrients, and biomass growth on
the bioreactor walls, agitators, etc. [25, 36]. Such opera-
tional problems do not occur in pellet cultures where the
fungi form aggregates of hyphae during growth. The fer-
mentation broth exhibits low viscosity and approaches
Newtonian Xow behavior, while the mycelium does not
adhere to any part of the bioreactor [23]. Pellet morphology
strongly depends upon the cultivation conditions in biore-
actors, e.g., agitation rate, temperature, medium composi-
tion and pH, dissolved oxygen, inoculum concentration,
etc. [15, 16, 39, 40]. All of these parameters need to be con-
sidered in order to obtain a good product yield, therefore
good control of mycelial morphology in SmF is important
for many industrial applications. The inXuence of various
parameters on fungal morphology and productivity was
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recently reviewed [7]. It is well known that enzyme produc-
tion can be enhanced by the addition of various inducers.
For example, diVerent reactor systems were used for
enzyme production with the basidiomycete Trametes versi-
color in pellet form in SmF but without addition of syn-
thetic or natural inducers [1–3, 6, 33]. Olivieri et al. [18]
cultivated Pleurotus ostreatus in the form of pellets in an
air-lift loop reactor and used olive mill wastewater as a nat-
ural inducer, but enzyme production was no higher than in
the SmF mentioned above without an inducer.

Filamentous fungi have another typical characteristic:
a natural inclination to adhere to surfaces. For enzyme
production, the chemical composition of the supporting
material oVering a surface for growth is especially impor-
tant because it aVects fungal activities. It was found that
various types of wood with diVerent physico-chemical
compositions have diverse eVects on enzyme production
during cultivation of immobilized Ganoderma lucidum
[4, 29]. It was indicated that beech wood, as an immobili-
zation support, induced Lac production with Dichomitus
squalens better than polyurethane foam [30]. This is due
to natural lignin, which besides cellulose and hemicellu-
lose is one of the three main polymeric constituents of
wood [4].

The basidiomycete Dichomitus squalens produces vari-
ous extracellular enzymes such as MnP and Lac, but not
LiP and consequently eYciently degrades both natural
[38] and synthetic lignins [22, 35]. Research on this inter-
esting lignin-degrading fungus, which oVers a good
potential for industrial applications, intensiWed in the last
few years since high enzyme activities have been
obtained. The idea for the present work was suggested by
research results on enzyme production with this fungus,
immobilized on wooden cubes in stationary cultures [21,
30]. The advantage of the natural fungal tendency to grow
on a solid surface and the eVect of beech wood as a natu-
ral inducer was considered. Using beech wood sawdust,
the speciWc surface area available for fungal attack on
inducing wood constituents like lignin, was enlarged. The
substantially increased enzyme activities demonstrated
the important role of lignin in the medium and revealed
the potential for optimization of enzyme production pro-
cesses with other ligninolytic fungi. There are no reports
of SmF in reactors in the form of pellets with this basidio-
mycete. Therefore, the aim of this study was to Wnd opti-
mal agitation and aeration conditions for enzyme
production with pellets of this fungus in a laboratory
stirred tank reactor (STR) and a bubble column reactor
(BCR) in cultivation media containing beech wood saw-
dust. For quantitative evaluation of the growth and prod-
uct formation parameters, such as pellet growth rate and
enzyme productivity, the mean pellet radius and lignino-
lytic enzyme activities were measured during cultivation.

Materials and methods

Microorganism

The fungus D. squalens MZKI B1233 was obtained from
the MZKI culture collection (National Institute of Chemis-
try, Ljubljana, Slovenia). The strain was maintained on 2%
malt agar plates at 4°C as described previously [32].

Natural lignin inducer

Beech wood particles were used as a natural lignin
inducer (NLI). They were prepared by drilling 10-mm
holes in a beech wood slab. The chips were then separated
with standard round sieves with a 200-mm frame diameter
(Saulas, France) to obtain particles with sizes 0.125–0.3
and 1.0–1.4 mm. Prior to media preparation, the particles
were dried for 2 h at 130°C. NLI particles were added to
culture media in concentrations from 1.0 to 5.0 g l¡1 (see
Table 1).

Mycelial suspension

The mycelial suspension of D. squalens was prepared by
inoculation of four 1-cm-diameter plugs from the fungus-
growing zone on malt agar, in 50 ml of N-limited mineral
medium [34] in a 250-ml Erlenmeyer Xask. This was
incubated at 28°C in an incubator (Heraeus, Function
Line IP 20, Germany). After 7 days, a dense mycelial
mass was formed. To prepare the mycelium suspension
for inoculation, the suspension was disrupted with an
Ultra-Turrax T25 (Janke & Kunkel, IKA-Labortechnik,
Germany) at 9,000 rpm under sterile conditions prior to
inoculation.

Table 1 Maximum activities of Lac and MnP in shaken submerged
cultures at an agitation rate of 150 rpm at 28°C in growth medium with
two diVerent sizes of NLI, i.e., 0.125–0.3 and 1.0–1.4 mm

The activity of Lac and MnP increased with the available speciWc
surface area of NLI, which is inversely proportional to the particle size.
The activities also increased with the amount of NLI available

NLI 
concentration 
(g l¡1)

Size of 
NLI (mm)

Time of 
max activity 
(day)

Max 
Lac activity 
(U l¡1)

Max 
MnP activity 
(U l¡1)

1.0 0.125–0.3 7 315.0 5.4

2.0 0.125–0.3 7 565.7 8.5

5.0 0.125–0.3 7 927.2 13.4

10.0 0.125–0.3 7 1,094.2 14.3

2.0 1.0–1.4 5 73.4 0.6

5.0 1.0–1.4 5 44.6 9.7
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Shaken cultures

The shaken cultures were prepared by inoculating 100 ml
of the growth mineral media containing NLI in a 250-ml
Erlenmeyer Xask with 5% (v/v) of the mycelial suspension
[21, 34]. The fungus was incubated on an RVI-403 rotary
shaker (Tehtnica, Lelezniki, Slovenia) at 28°C at a constant
agitation of 150 rpm. Aliquots of the culture liquid were
collected for determination of extracellular Lac and MnP
activities and mean pellet radius. All experiments were per-
formed in duplicate. The inoculum for laboratory bioreac-
tors was prepared on the shaker in the same way.

Bubble column reactor

A 4.0-l bubble column reactor (BCR) was constructed from
a 50-cm-long and 10-cm-ID glass cylinder. A stainless-
steel plate with a gas inlet and a stainless-steel plate with
several standard ports for air Wlters and media sampling
were used at the bottom and at the top of the reactor to
obtain a 2.0-l working volume. A cylinder of 0.8 cm radius
and 1 cm height, and with six 0.5-mm holes on the circum-
ference, was used as a gas distributor. The reactor was Wlled
with 1.8 l of growth mineral medium with 5 g l¡1 of 0.125–
0.3 mm NLI, sterilized and inoculated with 200 ml of 3-
day-old pellets previously cultivated in an Erlenmeyer Xask
on a shaker. The cultivation continued in separate experi-
ments at airXow rates of 50, 75, and 100 l h¡1 at 28°C.

Stirred tank reactor

A 3.1-l stirred tank reactor (Benchtop Laboratory fermentor
KLF2000, Bioengineering, Switzerland) with a 2.1-l work-
ing volume was used in the experiments. The reactor was
constructed from a 30.5-cm-long and 10.5-cm-ID glass cyl-
inder, a stainless-steel bottom plate and top lid with air
Wlters, pH electrode, O2 electrode, cooling and warming
unit, and air distributor. Two Rushton turbines of 4.0 cm in
diameter were used for mixing. Growth mineral medium
(1.8 l) with NLI was prepared, and then sterilized and inoc-
ulated. The initial NLI concentration and inoculum size
were the same as in the BCR. The fungi cultivation was
performed in separate experiments at an airXow rate of
75 l h¡1 and stirrer speeds of 175, 250, and 350 rpm, initial
pH 4.5, initial pO2 100% and T 28°C.

Pellet size

A media sample was dispensed on Petri dishes and photo-
graphed for morphology determination and image analysis.
Assuming a spherical shape, the pellet radius and pellet mor-
phology were estimated from the photograph by applying
commercial image analysis software (Motic Images Plus 2.0).

Substrate analysis

The quantitative detection of reducing sugar in the culture
Wltrate was made according to the standard Miller method
[14]. The presence of free carbonyl groups was determined
spectrophotometrically with a Perkin-Elmer spectropho-
tometer, type Lambda 25 (USA), at a wavelength 540 nm
(A540).

Enzyme assays

The Lac activity was measured by monitoring the oxidation
of 5 mM 2,2�-azinobis(3-ethylbenzothiozoline-6-sul-
fonate) (ABTS) at A420 [8] and MnP activity by monitor-
ing the oxidation of 2,6-dimethoxyphenol (DMP) at A469
[5]. One unit of enzyme activity was deWned as the amount
of enzyme oxidizing 1 �mol of the corresponding substrate
per minute. All spectrophotometric measurements were
conducted using a Perkin-Elmer spectrophotometer, type
Lambda 25 (USA). The substrates for the Lac and MnP
activity assays were both purchased from Sigma (USA).

Results and discussion

Optimization of amount and size of beech wood particles

White-rot fungi are known to be capable of using lignin as
their sole carbon and energy source and it is generally
believed that lignin breakdown is necessary to gain access
to cellulose and hemicellulose [10, 24]. In previous research
with D. squalens cultivation on various types of immobili-
zation support in the form of 1-cm cubes, it was established
that beech wood cubes acted as a good inducer of lignino-
lytic enzyme production due to their lignocellulosic struc-
tural cell-wall components [21]. To check the eVect of the
available surface area available for fungal attack and conse-
quently Lac and MnP production, two particle sizes of
beech wood with diVerent speciWc areas and various con-
centrations were used in the preliminary experiments. The
highest Lac and MnP enzyme activities were obtained on
the seventh day of cultivation. The results (cf. Table 1)
show that the activity of Lac and MnP increased with the
surface area of NLI available. Smaller particles (0.125–
0.3 mm) gave approximately twice as high activities, since
the speciWc area is inversely proportional to the particle
size. The activities also increased with the amount of NLI
available. Both activities for concentrations of 5.0 g l¡1

(927.2 U l¡1) and 10.0 g l¡1 (1,094.2 U l¡1) were high.
However, the broth was thicker at 10.0 g l¡1 of beech wood
particles and could hinder mixing and oxygen transfer in the
bioreactors. Therefore, we decided to use 5.0 g l¡1 of
0.125–0.3 mm particles during further investigations.
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Pellet growth and morphology in BCR and STR with beech 
wood particles

The growth medium with 0.125–0.3 mm beech wood parti-
cles was inoculated with mycelial suspension of fungus D.
squalens. Pellet growth in medium with particles was stud-
ied with the graphical analysis of mean pellet radius during
cultivation. The linear radial growth rate constant (kr)
expressed in mm per day was determined from the slope of
the curve in the phase of linear increase of pellet radius ver-
sus time [39]. To obtain a better insight into the growth
conditions, the substrate concentration was also measured.
The results are displayed in Table 2. In shaken cultures, a
2-day lag phase for pellet formation occurred (Fig. 1). A
linear increase in pellet radius appeared after 3 days and
lasted until the eighth day of cultivation. Then the substrate
was consumed, growth stopped, and the pellet size slightly
decreased. The stirred tank reactor and bubble column reac-
tor were inoculated with small pellets from 3-day-old
shaken cultures. Their mean pellet radius at the beginning
of the experiments in reactors (rstart) was 0.7 § 0.1 mm
(Table 2). Linear growth in the STR lasted 4 days long
(Fig. 2a), while in the BCR it lasted 7–10 days (Fig. 2b)
and afterwards remained constant. In the STR at up-agita-
tion speed (N) of 350 rpm, growth was reduced due to pel-
let breakdown to a pellet size of 1.0 mm, which remained
constant over the next 3 days (Fig. 2a). The linear radial
growth rate constants (kr) were 0.36 mm day¡1 for shaken

cultures, 0.47–0.55 mm day¡1 for the STR and 0.39–
0.42 mm day¡1 for the BCR (Table 2). The results show
that maximum mean pellet radius (rmax) in the BCR
increased faster at higher aeration rates with the highest lin-
ear radial growth rate constants kr = 0.42 mm day¡1, giving
the largest pellets (rmax = 5.1 mm) at 100 l h¡1. In the STR,
the highest linear growth rate constant kr = 0.55 mm day¡1

and the largest pellets (rmax = 3.5 mm) were obtained at the
lowest stirrer speed of 175 rpm. The maximum mean pellet
radius in the cultivation vessels investigated was achieved
at time tmax. This was after 8 days in shaken cultures
(2.5 mm) (Fig. 1), 10 days in the BCR (5.1 mm) and 5 days
in the STR (3.5 mm) (Table 2). The results from shaken
cultures were more comparable with those from the BCR
than those from the STR. The cultivation time up to maxi-
mum pellet size (tmax) and linear radial growth rate was
practically the same in shaken cultures and the BCR, while
growth in the STR was faster and pellets were smaller. The
shear rate caused by shaking was lower in the Erlenmeyer
Xasks compared to mixing with stirrers in the STR. This on
one hand provides more convenient agitation conditions for
fungal growth in shaken cultures [13] and better oxygen
supply in STR.

Figure 3 shows the morphological form of pellets from
the BCR and the STR, which is diVerent due to the diVerent
shear stress conditions in the two reactors. The average
shear rates (�) [11, 17] and power inputs (P/V) [9, 12, 26] in
STR and BCR were estimated according to literature corre-

Table 2 EVect of aeration and agitation on ligninolytic enzyme activity, productivity, and pellet radius of fungi D. squalens in the BCR and STR

The maximum mean pellet radius was achieved after 10 days in the BCR (5.1 mm) and after 5 days in the STR (3.5 mm). The highest linear growth
rate constant (0.55 mm day¡1) was achieved in the STR. The maximum Lac activity (1,882 U l¡1) was obtained after 12 days in the STR, while
maximum MnP activity (449.8 U l¡1) occurred after 18 days in the BCR.

N agitation speed, P/V power input, � shear rate, tmax Lac/MnP time for achievement of maximum Lac/MnP activity, rstart mean pellet radius at the
beginning of experiment, rmax maximum mean pellet radius achieved at time tmax, tmax time for rmax appearance, kr linear radial growth rate

BCR STR

1 2 3 1 2 3

N (rpm) / / / 175 250 350

Aeration rate (l h¡1) 50 75 100 75 75 75

P/V (W l¡1) 0.018 0.028 0.036 0.02 0.06 0.18

� (s¡1) 9 13 18 32 46 64

Max Lac activity (U l¡1) 1,460.0 1,112.1 958.3 1,571.6 1,882.3 444.6

tmax Lac (day) 10.0 14.0 12.0 10.0 12.0 15.0

Lac productivity (U l¡1day¡1) 146.0 79.4 79.9 157.2 156.9 29.6

Max MnP activity (U l¡1) 449.8 56.5 154.8 114.4 188.8 139.2

tmax MnP (day) 18.0 12.0 9.0 13.0 13.0 12.0

MnP productivity (U l¡1day¡1) 25.0 4.7 17.2 8.8 14.5 11.6

rstart (mm) 0.7 0.7 0.6 0.8 0.7 0.6

rmax (mm) 3.9 4.6 5.1 3.5 3.1 2.7

tmax (day) 8.0 10.0 10.0 5.0 5.0 4.0

kr (mm day¡1) 0.39 0.41 0.42 0.55 0.50 0.47
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lations, taking into account the operating conditions during
our experiments, and are presented in Table 2. Lower shear
rates and power inputs were obtained in the BCR compared

to the STR. The pellets were composed of two layers, i.e.,
the inner layer, where the limitation of nutrients increased
with pellet size and the external layer, where the nutrients
could diVuse constantly. In the linear phase, pellets grew as
a result of good diVusion of nutrients into both pellet layers.
As soon as one of the essential nutrients was exhausted, the
pellets stopped growing and passed over through the sta-
tionary phase to the dying phase [13, 39, 40]. The pellets
were morphologically similar at tmax in the shaken sub-
merged cultures and in the STR—they were rounded and
smooth (Fig. 3a, b). In the BCR, the pellets were smooth at
the beginning of the experiment and XuVy at tmax (Fig. 3c).
It was observed that the initial increase in the pellet concen-
tration in the fungal cultures was followed by a rapid
decrease, which coincided with a decrease in the speciWc
growth rate [16]. This breakup was caused by cell lysis
within the pellets, whereby the stability of the pellet was
lost, and it become more susceptible to damage by mechan-
ical forces [19]. We assume that this phenomenon occurred
during our cultivation in the STR on the Wfth day (cf.
Fig. 2a), where the shear forces produced by the stirrer neg-
atively inXuenced pellet growth and even caused fragmen-
tation of pellets during their lysis. The pellets with a radius
of 2.6 mm were fragmented into smaller pellets with a 1.0-
mm radius, which represented new centers for further
growth [19].

According to the results in Table 2 and the experimental
observations, it seems that for successful pellet cultivation
with addition of beech wood particles in a STR, the average
shear rate (�) and power input (P/V) must not exceed 46 s¡1

and 0.06 W/l, respectively. On the other hand, a lower stir-
rer speed (N) does not ensure homogeneous pellet distribu-
tion in the fermentation broth. In the BCR, sedimentation
occurs at the lower aeration rates used in our experiments,
while at higher aeration rates foaming could be a problem.

Enzyme activities and productivity in BCR and STR 
with the addition of beech wood particles

The basidiomycete fungus D. squalens is able to produce two
ligninolytic enzymes, Lac and MnP, but not LiP. The produc-
tion and activity of these two enzymes can be improved by
the addition of natural inducers, e.g., beech wood and straw
[21, 32]. Figures 5 and 6 show the results of our investigation
with beech wood particles in two types of bioreactors com-
pared to those from shaken cultures (Fig. 4), where the maxi-
mum Lac (1,113.8 U l¡1) and MnP (201.9 U l¡1) activities
were achieved after 8 days of cultivation. In Fig. 5a, MnP
activities during the experiment in the STR are presented.
Extracellular MnP activities show two peaks at all three aera-
tion and agitation conditions. The Wrst peak is detectable
between the 4th and the 10th day, while a maximum
occurred between the 12th and the 13th day. Extracellular

Fig. 1 D. squalens pellet growth in shaken submerged cultures at
28°C and 150 rpm in growth medium with 0.125–0.3 mm NLI. Pellet
radius (Wlled triangle) and sugar decrease (Wlled circle) with time. The
maximum mean pellet radius of 2.5 mm was obtained after 8 days of
cultivation

Fig. 2 Time course of D. squalens pellet growth in laboratory biore-
actors, performed at 28°C in growth medium with 0.125–0.3 mm NLI,
inoculated with fungal pellets obtained in shaken cultures. The change
in pellet radius versus time in a STR at 175 rpm, 75 l h¡1 (Wlled circle);
250 rpm, 75 l h¡1 (Wlled triangle) and 350 rpm, 75 l h¡1 (Wlled square)
and b BCR at aeration 50 (Wlled circle), 75 (Wlled triangle), and 100
(Wlled square) l h¡1 is shown. Linear growth in the STR lasted 4 days
while in the BCR it lasted 7–10 days. In the STR at an agitation speed
(N) of 350 rpm, growth was reduced due to pellet breakdown to a pellet
size of 1.0 mm
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Lac activity reached its maximum between the 10th and the
15th day and then declined (Fig. 5b). In BCR, MnP expres-
sion with two peaks was similar to that in STR and occurred
only at an aeration rate 50 l h¡1. The Wrst peak appeared on
the 8th day and the maximum activity on the 18th day. At
aeration rates of 75 and 100 l h¡1, the maximum MnP activi-
ties were found between the 9th and 12th day (Fig. 6a), while
the maximal Lac activities appeared between the 10th and
14th day (Fig. 6b). We have no additional experimental data

to explain the two peaks in MnP activity expression. Proba-
bly the nutrient conditions in the media containing wooden
particles changed (depletion of some easily accessible induc-
tor) and forced the fungus to adapt to new conditions. This
was expressed as a drop of MnP activity for a short time and
after adaptation synthesis recovered and leads to higher MnP
activities. A similar pattern for Lac and MnP expression with
two peaks in D. squalens was shown by Perie and Gold [22]
in their study, but they oVered no explanation for this.

Maximum enzyme productivity was used as a parameter
for comparison of the enzyme production in the two reac-
tors. Here it was determined as the maximum enzyme
activity divided by the process time from inoculation.
Experiments in the BCR were performed at aeration rates
of 50, 75, and 100 l h¡1 to study the eVect of mixing on
enzyme activity and productivity. The maximum Lac activ-
ity (1,460 U l¡1) and Lac productivity (146 U l¡1 day¡1)
were obtained after 10 days (tmax Lac), while the maximum
MnP activity (449.8 U l¡1) and MnP productivity (25 U l¡1

day¡1) occurred after 18 days (tmax MnP) of cultivation at
an aeration rate of 50 l h¡1 (Table 2). At higher aeration
rates, pellet growth rate increased but enzyme activities and
enzyme productivities were lower.

STR experiments were performed at an aeration rate of
75 l h¡1 and agitator speeds (N) of 175, 250, and 350 rpm.
It has been reported that an increase in the stirrer speed
reduces the productivity in some cases, depending on the
organism cultivated [8]. This reduction was also observed
in our study. The maximum Lac activity (1,882 U l¡1) was
obtained after 12 days (tmax Lac), and maximum MnP activ-
ity (189 U l¡1) 1 day after that. Lac productivity (157 U l¡1

day¡1) was the highest at 175 and 250 rpm, while the high-
est MnP productivity (14.5 U l¡1 day¡1) occurred at
250 rpm on the 12th and 13th day, respectively (Table 2).
At the highest agitator speed used in our experiments, max-
imum enzyme activities and productivities were lower.

Fig. 3 Maximum mean pellet radius (rmax) of the fungus D. squalens
at tmax in diVerent submerged cultivations. a Shaken culture cultivation
at 150 rpm, 28°C. Maximum mean pellet radius at tmax was 2.5 mm.
Pellets were round and smooth. b STR cultivation at an aeration rate of
75 l h¡1, 28°C and agitation speed of 250 rpm. Maximum mean pellet
radius at tmax was 3.5 mm. Pellets were round and smooth. c BCR cul-
tivation at an aeration rate of 75 l h¡1, 28°C. Maximum mean pellet ra-
dius at tmax was 5.1 mm. Pellets were XuVy. Scale bar 10 mm

Fig. 4 Enzyme activities of Lac (Wlled circle) and MnP (Wlled trian-
gle) versus time in shaken submerged cultures at 28°C and 150 rpm in
growth medium with 0.125–0.3 mm NLI. The maximum Lac
(1,113.8 U l¡1) and MnP (201.9 U l¡1) activities were achieved after
8 days of cultivation
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Our results show that maximal productivity of a particu-
lar enzyme is found under the experimental conditions
where maximal activity also occurs. There is a correlation
between those two parameters and pellet growth, morphol-
ogy and size, therefore controlling of pellet morphology
and size by cultivation conditions can be used for optimal
production of a particular enzyme [28]. Maximal Lac pro-
duction was obtained in the STR with smaller, smooth and
round pellets, while maximal MnP production occurred in
the BCR with larger and smooth pellets. The choice of
enzyme production process should depend on the use of a
particular enzyme or enzyme mixture for the degradation of
the selected target material.

The results of the study with basidiomycetes in pellet
form from SmF in bioreactors with or without a natural
inducer are presented elsewhere [1–3, 6, 33]. Maximal Lac
activities were around 1,200–1,400 U l¡1. Addition of NLI
in our investigation enhanced Lac activity in the BCR by
20% and in the STR by 60%. This shows that not only Tra-
metes but also other basidiomycete species like Dichomitus

display potential for ligninolytic enzyme production in pel-
let form in reactors. Of course, additional research on the
cultivation conditions in laboratory bioreactors with this
less studied fungus is necessary to optimize the enzyme
production process. For example, some improvements in
Lac production with Trametes by using air pulses in a reac-
tor system have already been presented [2].

Conclusions

The results of this investigation demonstrate that the non-
spore growing fungus D. squalens can be successfully culti-
vated in pellet form in bubble-column and stirred-tank bio-
reactors. At appropriate mixing and aeration conditions,
and by adding beech particles to the liquid medium, the
production of extracellular Lac and MnP was substantially
increased. The levels of enzyme activities obtained were
high and comparable to the results with other industrially
important basidiomycetes, so D. squalens is a promising

Fig. 5 Time course of D. squalens ligninolytic extracellular enzyme
activities in the STR, performed at 28°C in growth medium with
0.125–0.3 mm NLI, inoculated with fungal pellets, obtained in shaken
cultures. The change in a MnP and b Lac activities with time at agita-
tion speeds of 175 rpm, 75 l h¡1 (Wlled circle), 250, 75 l h¡1 (Wlled tri-
angle) and 350, 75 l h¡1 (Wlled square) is shown. Maximum MnP
activity (188.8 U l¡1) occurred on 13th day at 250 rpm (a), while Lac
activity reached its maximum (1,882.3 U l¡1) on the 12th day also at
250 rpm (b)

Fig. 6 Time course of D. squalens ligninolytic enzyme activities in
BCR, performed at 28°C in growth medium with 0.125–0.3 mm NLI,
inoculated fungal pellets, obtained in shaken cultures. The change in
a MnP and b Lac activities with time at aeration rates of 50 l h¡1 (Wlled
circle), 75 l h¡1 (Wlled triangle) and 100 l h¡1 (Wlled square) is shown.
Maximum MnP activity (449.8 U l¡1) was found on 18th day (a),
while maximum Lac activity (1,460.0 U l¡1) appeared on the 10th day
(b), both at an aeration rate of 50 l h¡1
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fungus for practical application. Furthermore, the addition
of a natural inducer in the form of small particles like saw-
dust can be applied in other industrial processes to increase
enzyme production. The important role of an engineering
approach to research on the microbial cultivation process
was also demonstrated. Optimization of enzyme production
was made via several experiments at various mixing
intensities in two laboratory bioreactors. Considering the
parameters such as shear rate, power input, and enzyme
productivity gave better insight into the microbial growth
and enzyme production process and lead to successful opti-
mization. Aeration in the BCR and agitation in the STR
have a signiWcant eVect on growth, morphology, and
enzyme production in both reactors. Higher Lac activities
and productivities were achieved in the STR, while MnP
activities and productivities were better in the BCR. The
necessary enzyme activities to degrade a particular material
depend on its chemical structure. Therefore, control of pel-
let morphology and pellet size can be used through choice
of reactor type and cultivation conditions to achieve the
optimal production of the necessary Lac or MnP activities,
or their ratio in the enzyme mixture.
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