
Abstract Many important tree species in reforestation
programs are dependent on ectomycorrhizal symbiosis in
order to survive and grow, mainly in poor soils. The ex-
ploitation of this symbiosis to increase plant productivity
demands the establishment of inoculum production
methods. This study aims to propose an inoculum pro-
duction method of the ectomycorrhizal fungus Pisolithus
microcarpus (isolate UFSC-Pt116) using liquid fermen-
tation in an airlift bioreactor with external circulation.
The fungus grew as dark dense pellets during a batch fer-
mentation at 25.5°C and air inlet of 0.26–0.43 vvm. The
maximum biomass (dry weight) achieved in the airlift
bioreactor was approximately 5 g.l–1 after 10–11 days.
The specific growth rate (µx) in the exponential phase
was 0.576 day–1, the yield factor (YX/S) 0.418, and the
productivity (PX) 0.480 g.l–1.day–1. This specific growth
rate was higher than that observed by other authors dur-
ing fermentation processes with other Pisolithus isolates.
The method seems to be very suitable for biomass pro-
duction of this fungus. However, new studies on the fun-
gus growth morphology in this system, as well as on the
efficiency of the process for the cultivation of other ecto-
mycorrhizal fungi, are necessary. It is also necessary to
test the infectivity and efficiency of the inoculum to-
wards the hosts.

Introduction

Mycorrhizas are considered key factors in forest ecosys-
tems and their formation is required for the survival and

growth of many forest trees (Smith and Read 1997). One
aspect of particular interest in relation to mycorrhizas is
the frequent occurrence of ectomycorrhizas among im-
portant species employed in reforestation. The predomi-
nance of positive effects in the growth and establishment
of these species demonstrates the potential of the ecto-
mycorrhizal inoculation as a valuable tool for plant pro-
duction in forestry (Garbaye 1990).

Several types of ectomycorrhizal inocula have been
developed and tested over the years, among them the
vegetative inocula (Marx 1980) that can be produced
with fungi able to grow in pure culture. The main advan-
tage of this particular type of inoculum is the fact that
the fungi can be previously tested in relation to their in-
fectivity and efficiency towards the host (Marx 1980). A
technique of production is the cultivation of the fungus
by liquid fermentation, followed by mycelium encapsu-
lating in calcium alginate (Kuek et al. 1992; Le Tacon et
al. 1985). Although this technique has showed consider-
able advantages, its application is still limited to a few
examples (Garbaye 1990; Kuek et al. 1992). The main
difficulty is represented by the slow growth of ectomy-
corrhizal fungi in bioreactors compared with other mi-
croorganisms, hence the occurrence of frequent contami-
nation. Contamination is further favoured by mycelium
washing and encapsulating (Garbaye 1990). Moreover,
there seems to be a limitation related to insufficient
knowledge of transport phenomena involved in fungal
growth in bioreactors.

Since ectomycorrhizal fungi, as any other microor-
ganism, need the contact with the oxygen and nutrients
to grow, liquid fermentation seems a more convenient
method for cultivation. In this context, there are several
alternatives to be tested to inoculum production by this
method. One alternative is represented by fermentation
in airlift bioreactors where the gas-liquid transfer rate is
higher than in solid fermentation and in conventional
fermentors (Chisti 1989).

During liquid fermentation filamentous fungi cultures
are generally in a non-Newtonian condition, where the
apparent viscosity decreases when the agitation rate ris-
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es. However, in conventional bioreactors a higher shear
rate would damage mycelium because the impellers can
produce an intense fragmentation of the mycelium, af-
fecting its viability. If the agitation is kept at a low level,
the viscosity will rise with fungal growth and a conse-
quent reduction of nutrient transport and oxygen- and
heat-transfer coefficients will take place (Righelato 1978;
Smith and Berry 1974).

Unlike conventional reactors, airlift bioreactors are
pneumatic reactors presenting two draining zones, which
allows the liquid to circulate at a higher level around the
body of the reactor. Hence a lower shear rate and a re-
duction of cell damage. Moreover, the shear rate is more
uniform inside the bioreactor, creating a less-variable en-
vironment. The energy required to mass transfer is mini-
mal because the air injection at the base of the equip-
ment contributes to both aeration and agitation (Siegel
and Robinson 1992). Its construction is relatively simple
and inexpensive, and contamination is minimal because
there are no mobile mechanical parts for agitation, and
cleaning and sterilization are more easily performed.

Recently, Jolicoeur et al. (1999) produced an endomy-
corrhizal inoculum utilizing an airlift bioreactor, propos-
ing a new generation of bioprocesses in this particular
field. However, there is no report concerning the cultiva-
tion of ectomycorrhizal fungi in airlift bioreactors. To
date, these fungi are still cultivated via solid-state or sub-
mersed fermentation in conventional bioreactors. There-
fore, the cultivation of ectomycorrhizal fungi in airlift
bioreactors is a new technological approach.

Thus, the present study was conducted to determine
the efficiency of an airlift bioreactor with regard to bio-
mass production of the ectomycorrhizal fungus Pisoli-
thus microcarpus, one of the ectomycorrhizal fungi most
frequently recorded in Eucalyptus plantations in southern
Brazil (Giachini et al. 2000).

Materials and methods

Fungus cultivation

The gasteromycete ectomycorrhizal fungus Pisolithus microcar-
pus (Cooke and Massee) G. Cunn., isolate UFSC-Pt116, was em-
ployed in this study. This fungus was isolated from Eucalyptus
dunnii plantations in Santa Catarina state, southern Brazil, and is
available in the Ectomycorrhizal Fungi Culture Collection at the
Departamento de Microbiologia e Parasitologia, Universidade
Federal de Santa Catarina, Florianópolis, Santa Catarina, Brazil,
and in the Collection of Ectomycorrhizal Fungi of the Trees-Mi-
croorganisms Interactions Unit (INRA-Nancy, France). Its nuclear
rDNA ITS sequence is deposited in the GenBank (accession no.
AF374703) (Martin et al. 2002). The isolate is maintained in solid
MMN (Modified Melin-Norkrans) medium (Marx 1969), using
glucose as source of carbon. The cultures are stored at 25±1°C,
and transferred to fresh medium every 2 months.

Fermentation conditions – preliminary tests

The Pridham-Gottlieb (PG) medium described by Litchfield and
Arthur (1983), and modified by Kuek (1996) with the reduction of
non-phosphate nutrients to one-third and the phosphate salts to

one-sixth of the original, was used as basal medium. This medium,
which will be called hereafter PGK, contained (g.l–1): glucose
10.0; peptone (Oxoid) 3.33; yeast extract (Micromed) 0.67;
NH4NO3 1.0; KH2PO4 0.264; K2HPO4 0.628; MgSO4.7H2O 0.33;
CuSO4.5H2O 0.0021; MnCl2.4H2O 0.0006; ZnSO4.7H2O 0.0005;
and FeSO4.7H2O 0.0004. Glucose was added, and the pH was ad-
justed to 5.4 with 0.1 M citric acid-sodium citrate solution, before
sterilization. Propylene glycol was added to a final concentration
of 0.2 ml.l–1 to inhibit foam formation. The medium was then ster-
ilized at 121°C for 30 min.

Before the fermentation process in the bioreactor, a prelimi-
nary study was performed in static flasks in order to determine ki-
netic factors and to produce the fermentation inoculum. Flasks of
250 ml containing 25 ml of PGK medium were inoculated with
mycelium-agar disks (∅=8 mm) from 4-week-old colonies in
MMN medium in Petri dishes. Each flask received five disks,
about 0.06 g dry mycelium per litter, and the incubation took place
at 25±1°C, in the dark, over 12 days. Before being inoculated into
the flasks, mycelium disks were allowed to regenerate on solid
MMN medium. From the 3rd day of incubation the entire contents
of two flasks were sampled every 2nd day and analyzed to deter-
mine the pH, concentration of residual glucose in the medium, and
fungal dry matter. The pH was determined conventionally and the
glucose concentration using a Biodiagnostica EnzColor test kit
based on glucose oxidation to gluconic acid and hydrogen perox-
ide by glucose oxidase. Hydrogen peroxide, in the presence of
peroxidase, reacts with hydroxybenzoic acid (sodium salt) and
aminophenazone to produce a colored quinone complex that can
be measured at 500 nm. Fungal dry matter was measured after
drying the mycelium at 75±1°C until constant weight was
achieved, and the pigmentation of the medium was evaluated at
480 nm in a CELMI (E225 D) spectrophotometer.

Mats of mycelium produced by the same procedure were frag-
mented for 6–7 s in a sterile Waring blender at 3,600 rpm in the
PGK medium. Samples of 1 ml of the mycelium suspension were
inoculated in solid MMN medium and incubated at 25±1°C for
48 h until the viability of the mycelium was confirmed. The rest of
the suspension was maintained under the same incubation condi-
tions.

It was necessary to determine the percentage of viability of the
mycelium suspension to be inoculated into the airlift bioreactor
(X0) because mycelium loses some of its viability when fragment-
ed. The viability was then quantified by the TTC (triphenyl tetra-
zolium chloride) technique (Benson 1994). The activity of the de-
hydrogenase of viable cells reduces TTC to a reddish product, the
tetrazolium red, whose concentration can be measured in a spec-
trophotometer. Samples of 50–100 mg of the mycelium suspen-
sion were mixed into 3 ml of the TTC reagent (TTC 6 g.l–1 of a
0.05 M solution of Na2HPO4/KH2PO4, pH 7.4, and 0.5 ml of
Tween 80) in tubes (12×250 mm). The reagent was then infiltrated
under vacuum over 10–15 min and incubated at 28°C overnight.
Ethanol (95%, 7 ml) was then added and the reddish product was
extracted by boiling the solution in a water bath for 4 min. The
mycelium was separated from the solution by filtration and dried
at 75°C for 48 h to determine total dry matter. The absorbance of
the solution was then measured at 490 nm. For positive controls
(100% of viability) the same procedure was applied to samples of
mycelium obtained directly from young colonies from 8-day-old
cultures in solid MMN. The results from the mycelial suspension
were compared with those obtained for the young mycelium, and
the viability was expressed in grams of viable mycelium per gram
of dry matter.

Liquid fermentation in the airlift bioreactor

Mycelial suspension obtained from flask cultures (300 ml) was in-
oculated into 2.3 l of liquid PGK medium in a 3-l flask under lam-
inar flow. From this inoculated medium, 2.3 l were transferred to
the airlift bioreactor using sterilized connections. Before inocula-
tion, bioreactor and culture medium were sterilized separately at
121°C for 60 min and 30 min, respectively.
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The fermentation took place at 25.5±1°C in a borosilicate glass
airlift bioreactor with 2.3-l capacity, in a growth chamber in the
dark. The air flow rate was 0.6–1.0 l.min–1 and the air was steril-
ized by filtration through a 0.2-µm Millipore filter (Fig. 1). The
period of fermentation was 11 days, until complete exhaustion of
glucose in the medium.

The initial biomass value (X0) was determined by measuring
fungal dry matter using two 20-ml samples taken at the time of in-
oculation. Thereafter, two samples of 5 ml were aseptically taken
every day to determine the pH and concentration of residual glu-
cose. The latter was performed using the same glucose test kit em-
ployed in the static flask fermentation. Biomass was calculated in-
directly using glucose utilization rate, assuming that the ratio of
substrate conversion in biomass is constant. For each sampling,
biomass (X) was calculated from the initial biomass value (X0) us-
ing the substrate consumption (S) and the overall yield factor
(YX/S):

(1)

Beads of mycelium produced during the fermentation were cut in
a cryomicrotome (20–30 µm) and mounted on a glass slide with
glycerol-cotton blue and photographed under a light microscope
(400–1,000×).

Results

Preliminary tests

In static flask cultures, biomass production was recipro-
cal to the glucose uptake. The pH dropped progressively
to 2.5 at the end of the fermentation (Fig. 2). The fungus
grew at the surface of the liquid as mycelial mats and the
pigmentation of the medium became more intense until
pH 3.7 was reached. From that point, pigmentation was
reduced by precipitation of the pigments. The specific
growth rate (µX) in the exponential phase was
0.391 day–1, the overall yield factor (YX/S) 0.421 (Fig. 3),
and the productivity was 0.447 g.l–1.day–1. 

Blending the mycelium for 6–7 s at 3,600 rpm result-
ed in less than 3-mm-long fragments. Longer fragments
caused obstruction of the sampling device while reduc-
ing the number of growing points. The fragments were
57% viable, and this rate was adopted to correct the ini-
tial viable biomass introduced into the airlift, calculated
from fungal dry matter weight.

Liquid fermentation in the airlift bioreactor

The medium became darker, and the concentration of re-
sidual glucose and pH dropped during the fermentation
process (Fig. 4), as was observed in the static flask fer-
mentation. Biomass values were estimated using the con-
version (YX/S) of 0.418 obtained at the end of fermenta-
tion and the consumption of glucose throughout the growth
period (Eq. 1). The productivity was 0.480 g.l–1.day–1,
7.4% higher than that observed for the static flask study.

The fungus presented at least two growth phases dur-
ing fermentation (Fig. 5), with two different specific
growth rates separated by an inflexion on the slope,
which suggested some kind of growth inhibition. The
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Fig. 1 Schematic diagram of the airlift bioreactor

Fig. 2 Glucose uptake, pH variation, biomass production, and me-
dium pigmentation during a static flask cultivation of Pisolithus
microcarpus (UFSC-Pt 116) at 25±1°C. Average of two replica-
tions



first growth phase was characterized as an exponential
phase. The specific growth rate during the first phase
(5 days) of fermentation was 0.576 day–1, reducing to
half of this value in the following 4 days (second phase).

The fungus grew as dense spherical pellets (beads)
with a diameter varying from 1 to 6 mm. Microtome sec-
tions of the beads showed that there were three distinc-

tive hyphae arrangement zones characterized by different
levels of hyphae compaction (Fig. 6). Growth of fila-
mentous fungi in liquid fermentation can be either as
pellets or as dispersed mycelia. Although the latter is
considered more convenient due to a higher oxygen
transfer, it can increase the viscosity of the medium and
foul probes and agitators, blocking flow lines and other
sampling devices (Prosser and Tough 1991).

Because these beads presented a high quantity of bio-
mass it should be necessary to fragment them before
their application to obtain a better distribution of the fun-
gal propagules in the inoculum. Fragmentation in the
present study was easily achieved by blending the beads
for 6–7 s, producing smal1 pieces 1–3 mm long, whose
viability was confirmed in solid MMN after 2 days at
25±1°C.

Discussion

Modified PGK medium was very convenient for the cul-
tivation of Pisolithus microcarpus both in flask and in
bioreactor. Kuek (1996) suggested that ectomycorrhizal
fungi should be cultivated at low phosphate concentra-
tion in order to be adapted to the low soil phosphate con-
centration where they are expected to benefit plant
growth. The fungus was able to grow at low pH, which
indicates its adaptability to the acid soil conditions (pH
3–5) predominant in this region of Brazil. This result
was important to establish measurement strategies during
airlift fermentation.

Although there are no results available in the litera-
ture on the cultivation of P. microcarpus, our results
were compared with those of other authors studying 
Pisolithus tinctorius isolates and other ectomycorrhizal
fungi (Table 1). It should be pointed out that some 
Pisolithus isolates identified as P. tinctorius in many
studies are in fact members of other species of this ge-
nus, as has been recently determined by studies of mo-
lecular taxonomy (Anderson et al. 1998; Martin et al.
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Fig. 3 Specific growth rate (a) and substrate conversion (b) dur-
ing a static flask cultivation of P. microcarpus (UFSC-Pt 116) at
25±1°C. Average of two replications

Fig. 4 Biomass production, glucose uptake, and pH variation dur-
ing airlift fermentation process of P. microcarpus (UFSC-Pt 116)
at 25±1°C. Average of two replications

Fig. 5 Growth of P. microcarpus (UFSC-Pt 116) during airlift fer-
mentation process at 25±1°C, and specific growth rate in the two
phases described in Fig. 3. Average of two replications
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Fig. 6 a General view of the
airlift bioreactor during the fer-
mentation process; b mycelium
beads of P. microcarpus
(UFSC-Pt 116) produced in the
bioreactor; c microtome section
of a mycelium bead showing
three different zones of hyphae
compaction; d detail of the ex-
ternal layer of the bead show-
ing the presence of clamp con-
nections, which are typical of
this fungus

Table 1 Comparison of cultivation parameters of some ectomy-
corrhizal fungi in different fermentation processes {MMN modi-
fied Melin-Norkrans [source of complex compounds not cited],
PG Pridham-Gottlieb [peptone (Difco) and yeast extract (Difco)],

PGKa Pridham-Gottlieb modified by Kuek (1996) [peptone 
(Difco) and yeast extract (Difco)], PGKb Pridham-Gottlieb modi-
fied by Kuek (1996) [peptone (Oxoid) and yeast extract (Micro-
med)], CC Cao and Crawford (synthetic medium)}

Fungi Culture medium Process Time X (g.l–1) YX/S µX
d Reference

(days) (gX.gS
–1) (day–1)

Pisolithus tinctorius MMN+1ELa Stirred tank 20 3.50 0.370 0.066 Pradella et al. 1991
(ITA-06)

P. tinctorius (ITA-06) MMN+1ELa+Pepb Static flasks 30 5.0 0.520 0.122 Pradella et al. 1991
Laccaria laccata PG Shaker 200 rpm 5 6.25 0.730 0.821 Kuek 1996
L. laccata PGKa

c Shaker 100 rpm 7 9.80 0.520 0.965 Kuek 1996
P. tinctorius CC Shaker 8 4.40 0.410 0.251 Cao and Crawford 1993
Pisolithus microcarpus PGKb Static flasks 11 5.02 0.421 0.391 This study

(Pt116)
P. microcarpus (Pt116) PGKb Airlift external 10.5 4.83 0.418 0.576 This study

circulation

a 1EL=1 g.l–1 of yeast extract
b Pep=4.5 g.l–1 of peptone
c 20 g.l–1 of glucose
d In the exponential phase



2002). The ITA-06 isolate studied by Pradella et al.
(1991), also from Eucalyptus, has been recently se-
quenced in its ITS region, together with other Brazilian
Pisolithus (Martin et al. 2002). According to these au-
thors, this fungus is also a P. microcarpus isolate, as the
one studied in the present work.

Productivity was not taken into consideration when
evaluating the efficiency of the fermentation process, be-
cause this parameter is influenced by several conditions
related to the inoculum of fermentation, such as age,
conservation conditions, level of fragmentation, and the
initial amount of mycelium in the bioreactor (X0). In
contrast to other studies, the specific growth rate (µX)
was employed to measure the efficiency of the process,
since this parameter is independent of the above vari-
ables.

During the exponential phase in the airlift bioreactor,
the specific growth rate was 0.576 day–1 corresponding
to a biomass doubling time of 29 h, whereas in static
flask fermentation this time was considerably longer
(43 h). Even though the doubling time in the bioreactor
was 32.5% shorter, both processes showed approximate-
ly the same overall yield factor (YX/S), namely 42%. 
Pradella et al. (1991) observed a specific growth rate of
0.122 day–1 and a biomass doubling time of 136 h, when
cultivating Pisolithus isolate ITA-06 in static flasks. The
biomass doubling time obtained by these authors in a
conventional bioreactor was as long as 252 h in the sec-
ond cycle of fermentation. In agitated flasks, Cao and
Crawford (1993) obtained a specific growth rate of only
0.25 day–1 and a doubling time of 66 h with a P. tinct-
orius isolate, as can be inferred by data in Table 1. In
spite of the fact that isolates and experimental conditions
were different, the results of our study represent a signif-
icant improvement of biomass production of an ectomy-
corrhizal fungus by submersed fermentation processes.

One of the main problems in studies involving liquid
fermentation in bioreactors is how to quantify fungal
biomass during the process. These problems are related
to sampling limitations, since there is an unequal distri-
bution of the mycelium spheres in the liquid. Growth
studies generally require knowledge of biomass produc-
tion. Although sophisticated techniques using image ana-
lyses are available to quantify biomass and its viability
(Vanhoutte et al. 1995; Zangirolami et al. 1997), a more-
simple approach is described in this study. We assumed
that if culture conditions are not significantly modified
throughout the fermentation, the ratio of substrate con-
version into biomass is constant. This assumption allows
calculation of the biomass (X) from the initial biomass
value (X0) using the substrate consumption and the con-
version ratio (YX/S). This is particularly useful when
measuring the growth of filamentous fungi during fer-
mentation processes when it is not possible to obtain ho-
mogenous samples.

In the airlift bioreactor, due to the turbulence generat-
ed by the air injection and the circulation of the medium,
there were shocks between beads. The higher the number
of beads, the smaller the volume available, hence a high-

er number of collisions as the fermentation progressed.
As a result, three different layers of hyphae arrangement
were presented by the beads at the end of the fermenta-
tion. It is then possible that oxygen transfer to the myce-
lium located in the central portion of the bead became
more difficult (Smith and Berry 1974) and the specific
growth rate may have been reduced from the 6th day of
the fermentation period (Fig. 5).

Studies on the growth of Laccaria laccata in shake
flasks (Kuek 1996) also showed an exponential phase
followed by a reduction of the specific growth rate after
reaching half time of cultivation. The fungus also grew
as mycelium pellets (beads), as the isolate in the present
study, which could explain the changes in growth profile
related to the difficulties of oxygen transfer to fungal
metabolism.

It was not possible to eliminate this growth inhibition
only by increasing the air flow rate. In contrast, this pro-
cedure intensified the problem because a higher number
of air bubbles reduced the liquid density, and increased
the relative density of beads. This phenomenon resulted
in a higher quantity of beads in the bottom of the riser,
increasing its compaction and then reducing circulation
of the liquid inside the bioreactor. Jin et al. (2001) ob-
served that an increase in air flow rate did not result in a
proportional increment of aeration inside the airlift.

It is difficult to imagine the production of large
amounts of ectomycorrhizal inoculum without the utili-
zation of industrial bioreactors. However, studies involv-
ing conventional stirred bioreactors have shown several
limitations. One of them is a low growth rate, character-
istic of the majority of the ectomycorrhizal fungi, but
which also could be influenced by damage to the myceli-
um by the impellers. Its operation is also more compli-
cated and more expensive than that of airlift bioreactors.

Studies must be undertaken in order to develop new
technologies for inoculum production. Airlift bioreactors
are an efficient alternative to conventional bioreactors,
with the advantage of being more easily built, operated,
and less expensive. Controlling bead size in the airlift
could avoid the oxygen depletion inside the bead as well
as the fragmentation step of the product, and at the same
time promote a higher viability and quality of the inocu-
lum, and simplify operations.

In the case of Pisolithus isolates this kind of bioreac-
tor showed a higher growth rate. However, new studies
on the fungus growth morphology in this system, as well
as on the efficiency of the process for the production of
other ectomycorrhizal fungi, are necessary. It is also nec-
essary to test the infectivity and efficiency of the inocula
produced by this process in controlled mycorrhization
studies.
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