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Abstract Fusarium infection of barley and malt can
cause severe problems in the malting and brewing industry.
In addition to being potential mycotoxin producers, Fusa-
rium fungi are known to cause beer gushing (spontaneous
overfoaming of beer). Cereal-derived bacteria and yeasts
are potential biocontrol agents. In this study, the antifungal
potential of selected yeasts (12 strains) derived from the
industrial malting ecosystem was studied in vitro with a
plate-screening assay. Several ascomycetous yeast strains
showed antagonistic activity against Weld and storage
moulds, Pichia anomala being the most eVective strain.
The eVects of P. anomala VTT C-04565 (C565) were
examined in laboratory scale malting with naturally con-
taminated barley exhibiting gushing potential. P. anomala
C565 restricted Fusarium growth and hydrophobin produc-
tion during malting and prevented beer gushing. Grain ger-
mination was not disturbed by the presence of yeast.
Addition of P. anomala C565 into the steeping seemed to
retard wort Wltration, but the Wltration performance was
recovered when yeast culture was combined with Lactoba-
cillus plantarum VTT E-78076. Well-characterized micro-
bial cultures could be used as food-grade biocontrol agents
and they oVer a natural tool for tailoring of malt properties.

Keywords Malting · Yeast · Fusarium · Gushing factor · 
Biocontrol

Introduction

The fungal community characteristic to malting barley
develops before harvest, during storage and during the
malting process. More than 150 species of Wlamentous
fungi and yeasts may be found on cereal grains as surface
contaminants or as internal invaders [53]. It is well known
that barley-derived fungi and their metabolites greatly
inXuence malt and beer quality [17, 42, 65]. Fusarium
moulds are important members of the indigenous fungal
community of barley. The abundance of Fusarium contam-
ination and the diversity of the species are dictated particu-
larly by crop susceptibility, agricultural practices, climate
and geographic location [7, 61]. Contamination of the bar-
ley crop by fusaria is of concern particularly in years when
poor weather conditions favor the growth of toxigenic and
gushing-active Fusarium species. Gushing is a term used to
describe spontaneous overfoaming of beer on opening of
the packaged product, and it is often associated with heavy
Fusarium infection of barley or malt [2, 57]. Gushing is a
complex phenomenon, which can at least partially be
explained by the secretion of speciWc factors by fungi in
barley in the Weld, during storage, or during the malting
process [2, 41, 52]. Gushing factors are assumed to be sur-
face-active molecules, which stabilize CO2 bubbles in beer
by forming a layer around microbubbles [46].

Our recent studies indicated that fungal proteins called
hydrophobins act as the gushing factors of beer [26, 30,
52]. Hydrophobins are small, secreted, cysteine-rich pro-
teins (100 § 25 amino acids) that are produced by Wla-
mentous fungi [68]. Hydrophobins are among the most
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abundantly produced proteins of fungi and they have vari-
ous biological roles and unique properties [36]. They have
the property of self-assembly at hydrophilic–hydrophobic
interfaces forming very stable insoluble amphipathic
Wlms, and are involved in fungal adherence to surfaces
[68]. These protein Wlms are commonly found on surfaces
of aerial structures such as hyphae, conidia, and fruiting
bodies [62]. A hydrophobic coating has also been pro-
posed to have a protecting role against both desiccation
and wetting, and to assist spore dispersal. Hydrophobins
play key roles in development and in the interactions of
fungi with the environment and other organisms, particu-
larly plants [67].

Strict control of incoming barley lots is vitally important
in order to reject contaminated material prior to purchasing.
However, malting conditions favor the growth of Fusarium
fungi, including species which might produce mycotoxins
and gushing factors during the process [22, 41, 51, 56, 57].
Therefore, there is a need for eYcient and safe ways to con-
trol growth and metabolic activity of fungi in raw materials,
as well as during the processing. Due to current environ-
mental and health concerns, research has been directed
toward developing natural means of prevention of fungal
grain diseases and spoilage. Biological control with well-
characterized, antagonistic microbes or with natural plant-
derived and microbial compounds has been introduced into
many Welds of food and feed processing. The plant-derived
microbes, mainly bacteria and yeasts, have shown strong
antagonistic activity against various fungal contaminants
[37, 44]. Biocontrol candidates will most likely persist in
the habitat from which they were isolated [16]. Starter tech-
nology, in which barley is inoculated with well-character-
ized microbes, has also been introduced to the malting
industry [5, 8, 25].

Our previous study revealed that a numerous and diverse
yeast community consisting of both ascomycetous and
basidiomycetous species was a signiWcant part of the malt-
ing ecosystem [35]. Several yeasts produced plant cell wall-
degrading enzymes with potentially positive contribution to
malt processability. It has been reported that many species
of ascomycetous and basidiomycetous yeasts of the sapro-
phytic phyllosphere community have strong antagonistic
activity against various fungal pathogens [3]. Several
strains have successfully been applied to prevent pre- and
post-harvest fungal diseases of fruits and vegetables [4, 28]
and to control spoilage moulds during the storage of high
moisture feed grains [12, 47]. However,it is rather little
known about the antifungal potential of the diverse yeast
community occurring in the industrial malting ecosystem.
Boivin and Malanda [6] demonstrated that the addition of
speciWc, malt-derived Geotrichum candidum (teleomorph
Galactomyces geotrichum) into the malting process
restricted fungal growth and prevented mycotoxin forma-

tion. This application has been developed into commercial
scale.

Biocontrol strains are often introduced to various appli-
cations as single cultures. Recently, research has also been
directed to combining several biocontrol agents or linking
microbial cultures with other preservation methods [66].
Yeast and lactic acid bacteria often occurring together in
plant-based bioprocesses and synergistic interactions
between these two groups are utilized in many cereal fer-
mentations [4]. We have previously shown that the addition
of lactic acid bacteria (LAB) into malting activated the
indigenous yeast community and enhanced production of
microbial �-glucanase and xylanase in the malting process
[34]. Combining antagonistic yeast with lactic acid bacteria
might further enhance the usefulness of starter technology
in complex bioprocesses such as malting.

The present study was designed to elucidate the antifun-
gal potential of yeasts isolated from industrial maltings.
Furthermore, the eVects of a selected strain, Pichia ano-
mala VTT C-04565 (C565) were investigated in a true
malting environment with naturally infested barley show-
ing gushing potential. The ultimate goal was to suppress
Fusarium growth and to prevent the production of gushing-
inducing hydrophobins during malting. We also studied the
eVects of P. anomala C565 in combination with Lactoba-
cillus plantarum VTT E-78076 starter culture in order to
enhance malt processability.

Materials and methods

Fungal cultures

The yeast cultures, including 7 ascomycetous and 5 basid-
iomycetous strains, and 21 Wlamentous fungi were provided
by the VTT Culture Collection (Table 1). The yeasts were
chosen on the grounds that they occur spontaneously in the
malting ecosystem [35]. Furthermore, strains belonging to
the species A. pullulans, C. sake, C. saitoana, Cr. albidus,
G. geotrichum, P. anomala, and P. guilliermondii had also
shown antifungal potential in other plant applications [4, 6,
44, 70]. In addition, 4 basidiomycetous yeasts (Cr. albido-
similis, Cr. curvatus, Cr. magnus, and R. pinicola) were
tested, as they were shown to produce plant cell wall-
degrading enzymes [35]. Yeast strains were grown on
yeast-malt extract agar, YM-agar (Difco Laboratories,
Detroit, MI, USA) at 25°C for 2–3 days. The yeast cultures
were stored in 10% glycerol at ¡70°C for long-term stor-
age, and on YM-slants at 4°C for short-term storage. The
Wlamentous fungi originated from barley and malted barley
samples. The mould cultures were grown at 25°C for 7 days
on Potato Dextrose Agar (PDA, Difco) and maintained on
PDA-slants at 4°C
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abundantly produced proteins of fungi and they have vari-
ous biological roles and unique properties [36]. They have
the property of self-assembly at hydrophilic–hydrophobic
interfaces forming very stable insoluble amphipathic
Wlms, and are involved in fungal adherence to surfaces
[68]. These protein Wlms are commonly found on surfaces
of aerial structures such as hyphae, conidia, and fruiting
bodies [62]. A hydrophobic coating has also been pro-
posed to have a protecting role against both desiccation
and wetting, and to assist spore dispersal. Hydrophobins
play key roles in development and in the interactions of
fungi with the environment and other organisms, particu-
larly plants [67].

Strict control of incoming barley lots is vitally important
in order to reject contaminated material prior to purchasing.
However, malting conditions favor the growth of Fusarium
fungi, including species which might produce mycotoxins
and gushing factors during the process [22, 41, 51, 56, 57].
Therefore, there is a need for eYcient and safe ways to con-
trol growth and metabolic activity of fungi in raw materials,
as well as during the processing. Due to current environ-
mental and health concerns, research has been directed
toward developing natural means of prevention of fungal
grain diseases and spoilage. Biological control with well-
characterized, antagonistic microbes or with natural plant-
derived and microbial compounds has been introduced into
many Welds of food and feed processing. The plant-derived
microbes, mainly bacteria and yeasts, have shown strong
antagonistic activity against various fungal contaminants
[37, 44]. Biocontrol candidates will most likely persist in
the habitat from which they were isolated [16]. Starter tech-
nology, in which barley is inoculated with well-character-
ized microbes, has also been introduced to the malting
industry [5, 8, 25].

Our previous study revealed that a numerous and diverse
yeast community consisting of both ascomycetous and
basidiomycetous species was a signiWcant part of the malt-
ing ecosystem [35]. Several yeasts produced plant cell wall-
degrading enzymes with potentially positive contribution to
malt processability. It has been reported that many species
of ascomycetous and basidiomycetous yeasts of the sapro-
phytic phyllosphere community have strong antagonistic
activity against various fungal pathogens [3]. Several
strains have successfully been applied to prevent pre- and
post-harvest fungal diseases of fruits and vegetables [4, 28]
and to control spoilage moulds during the storage of high
moisture feed grains [12, 47]. However,it is rather little
known about the antifungal potential of the diverse yeast
community occurring in the industrial malting ecosystem.
Boivin and Malanda [6] demonstrated that the addition of
speciWc, malt-derived Geotrichum candidum (teleomorph
Galactomyces geotrichum) into the malting process
restricted fungal growth and prevented mycotoxin forma-

tion. This application has been developed into commercial
scale.

Biocontrol strains are often introduced to various appli-
cations as single cultures. Recently, research has also been
directed to combining several biocontrol agents or linking
microbial cultures with other preservation methods [66].
Yeast and lactic acid bacteria often occurring together in
plant-based bioprocesses and synergistic interactions
between these two groups are utilized in many cereal fer-
mentations [4]. We have previously shown that the addition
of lactic acid bacteria (LAB) into malting activated the
indigenous yeast community and enhanced production of
microbial �-glucanase and xylanase in the malting process
[34]. Combining antagonistic yeast with lactic acid bacteria
might further enhance the usefulness of starter technology
in complex bioprocesses such as malting.

The present study was designed to elucidate the antifun-
gal potential of yeasts isolated from industrial maltings.
Furthermore, the eVects of a selected strain, Pichia ano-
mala VTT C-04565 (C565) were investigated in a true
malting environment with naturally infested barley show-
ing gushing potential. The ultimate goal was to suppress
Fusarium growth and to prevent the production of gushing-
inducing hydrophobins during malting. We also studied the
eVects of P. anomala C565 in combination with Lactoba-
cillus plantarum VTT E-78076 starter culture in order to
enhance malt processability.

Materials and methods

Fungal cultures

The yeast cultures, including 7 ascomycetous and 5 basid-
iomycetous strains, and 21 Wlamentous fungi were provided
by the VTT Culture Collection (Table 1). The yeasts were
chosen on the grounds that they occur spontaneously in the
malting ecosystem [35]. Furthermore, strains belonging to
the species A. pullulans, C. sake, C. saitoana, Cr. albidus,
G. geotrichum, P. anomala, and P. guilliermondii had also
shown antifungal potential in other plant applications [4, 6,
44, 70]. In addition, 4 basidiomycetous yeasts (Cr. albido-
similis, Cr. curvatus, Cr. magnus, and R. pinicola) were
tested, as they were shown to produce plant cell wall-
degrading enzymes [35]. Yeast strains were grown on
yeast-malt extract agar, YM-agar (Difco Laboratories,
Detroit, MI, USA) at 25°C for 2–3 days. The yeast cultures
were stored in 10% glycerol at ¡70°C for long-term stor-
age, and on YM-slants at 4°C for short-term storage. The
Wlamentous fungi originated from barley and malted barley
samples. The mould cultures were grown at 25°C for 7 days
on Potato Dextrose Agar (PDA, Difco) and maintained on
PDA-slants at 4°C
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plates were incubated at 25°C for 7 days. Other Wlamentous
fungi such as Alternaria spp., Cephalosporium spp., Cla-
dosporium spp., Drechslera spp., Epicoccum spp., Mucor
and Rhizopus spp. were determined from barley, steeped
barley and malt samples on wet Wlter paper using direct
plating of 100 kernels [15]. Filter paper plates were incu-
bated at 25°C for 21 days. Fungi were identiWed under a
stereomicroscope on the basis of typical colony form and
color. IdentiWcation was conWrmed by conidia morphology
with a light microscope (magniWcation 400£). The results
are expressed as percent of kernels contaminated with
fungi.

Determination of fungal hydrophobins and gushing
potential

The hydrophobin levels in the malt samples were deter-
mined with competitive ELISA (Enzyme Linked Immuno-
Sorben Assay) as described by Sarlin et al. [52]. Ground
sample (5 g) was extracted with PBS buVer (10 mM
sodium phosphate pH 7.3, 150 mM sodium chloride) in the
proportion of 1:10. After centrifugation, the supernatant
was removed to a clean tube and antibodies against F. poae
VTT D-82182 (D182) were added. After incubation, the
sample-antibody mixture was transferred to an immuno-
plate (Nunc-Immuno Modules, MaxiSorp polystyrene
strips, Nunc, Rochester, NY, USA) coated with hydropho-
bin extract of F. poae D182 Goat anti-rabbit IgG (H + L)-
alkaline phosphatase (AP) conjugate (Bio-Rad Laborato-
ries, Hercules, CA, USA) was used as a secondary anti-
body. p-Nitrophenyl phosphate tablets (Sigma) in
diethanolamine-MgCl2 buVer (Oy Reagena Ltd., Toivala,
Finland) were used as substrate for AP detection. The
absorbance was read at 405 nm. Due to the nature of the
competitive ELISA, a lower absorbance value corre-
sponded to a higher amount of hydrophobin in the samples.
In the present study, the results are expressed as the inverse
of the mean absorbance value. The results are means of the
analyses of four replicates. The signiWcance of P. anomala
C565 for malt hydrophobin levels in three malting experi-
ment was evaluated using one-way variance analysis
(ANOVA) with Tukey’s Honestly SigniWcant DiVerence
(HSD) test. Statistical signiWcance was assessed at
P < 0.05. The software SPSS 14.0 for Windows was used
for the statistical analyses.

The gushing potential of malt samples was measured as
described by Vaag et al. [64]. The malt extracts were added
to commercial, bottled beer (0.33 l) and pasteurized bottles
were agitated for 3 days with a horizontally rotating shaker
at 50 rpm [21]. The gushing positive and negative malt
samples obtained from Carlsberg Research Laboratory,
Copenhagen Valby, Denmark were included in the studies.
After shaking, the bottles were kept still for 10 min,

inverted three times and opened after 30 s. The amount of
gushing was determined from the change in weight of the
bottle. The test was performed in triplicate.

Malt and wort analyses

High gravity mashing and the Büchner Wltration test for
evaluation of lautering performance were performed, as
described by Sjöholm et al. [59]. The high gravity labora-
tory mashing conditions resemble those used in commercial
brewery practice, so the results give a better prediction of
the brewing performance of malt than the standard EBC
Congress mash. Samples were analyzed using the following
EBC recommended methods: malt friability, wort extract
content, wort soluble nitrogen, wort free amino nitrogen,
wort viscosity and wort �-glucan [14]. �-Amylase activity
was analyzed with a Ceralpha kit (Megazyme International
Ireland Ltd., Wicklow, Ireland) using an extraction time of
30 min and assay conditions as speciWed by the manufac-
turer. �-Glucanase activity was analyzed with the Azo-bar-
ley glucan method kit using azo-barley glucan as substrate
(Megazyme). The assay was performed at both 30 and
60°C in order to distinguish between �-glucanase of barley
and microbial origin. Xylanase was analysed with an endo-
1,4-�-xylanase assay procedure using Xylazyme AX tablets
(Megazyme) as substrate. Milled malt (1.00 g) was
extracted in 8.0 ml of sodium acetate buVer (25 mM, pH
4.5) for 15 min at room temperature with continuous stir-
ring (200 rpm). The Xour was separated by centrifugation
(1,000g). Xylanase activity was measured at 45°C. A sub-
strate tablet was added to 0.5 ml of extract and incubated
for 30 min. The reaction was stopped by adding 5.0 ml of
1% Trizma base. Absorbance was measured at 590 nm. The
results are expressed as diVerence in absorbance between
the sample and a reagent blank.

Results

Antifungal potential of yeasts and yeast-like fungi against 
Wlamentous Weld and storage fungi

The antifungal potential of seven ascomycetous and Wve
basidiomycetous yeast strains was screened against com-
mon Weld and storage contaminants using a dual-culture
plate assay, in which yeast cultures were Wrst grown in
YM-agar and then overlayed with mould spore suspension
in soft malt agar (Table 1). The main emphasis of this study
was on the suppression of Fusarium growth, and therefore
13 diVerent Fusarium strains were tested. The results indi-
cated that the ascomycetous yeasts had better antifungal
potential than the basidiomycetous yeasts. As seen from
Table 1, C. saitoana C524, Geotrichum sp. D559, P. anomala
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Antifungal screening in vitro with plate-assay

The yeast strains were screened for antifungal potential
using a dual-culture overlay assay adapted from Magnus-
son et al. [38]. Yeasts were inoculated along a 2 cm line on
replicate YM plates and allowed to grow at 25°C for 2–
3 days. The plates were overlaid with 10 ml of temperated
malt extract soft agar (0.05% malt extract, Difco) contain-
ing 104 fungal spores per ml. Spore suspension was pre-
pared by removing the spores from the PDA plates of a 7
day-culture. Sterile saline (10 ml) was added to the plates
and spores were harvested with a bacteriological spreader.
The suspension was Wltered through sterile glass wool to
remove mycelial debris. The number of spores was counted
microscopically using a counting chamber (Thoma, Knittle
Gläser, Germany) and adjusted by adding sterile distilled
water. The growth inhibition was measured after 5 and
7 days of incubation at 25°C. The results were considered
as positive (+) if the mould could not overgrow the yeast or
if a clear inhibition area was observed around the colony. In
the negative (¡) samples, the whole plate was covered with
mycelia.

Malting experiments with naturally infested barley

Barley (Hordeum vulgare L, Poaceae, two-row variety
Scarlett cultivated in Finland 2005) samples (1 kg) were
malted in a specially designed, computer-controlled micro-
malting equipment with a separate drum for each sample
(Hulo Engineering, Helsinki, Finland). Due to intensive
Fusarium contamination and gushing potential, this sample
was unacceptable for commercial purposes but suitable for
this study. Fungal gushing factors were not found in the
native barley, but were produced during the malting pro-
cess. Before malting, barley samples were sieved to remove
grains <2.5 mm. All barley samples were steeped in 3 l of
water or in water containing microbial cultures at 18°C for
8 h, followed by a 16 h air rest (20°C) and a second steep
(2 h, 18°C). The moisture content of grains was measured
daily and kept constant (46–47%) by adding water. The
barley was then allowed to germinate for 5 days at 16°C
and dried (kilned) in warm air (4 h 50°C, 3 h ramp to 60°C,
2.5 h 60°C, 3 h ramp to 85°C, 1 h 85°C) in a separate kiln.
The rootlets were removed before analyses.

Liquid cultures of P. anomala C565 strain were grown
in Erlenmayer Xasks containing YM-broth and incubated
on a rotary shaker at 100 rpm at 25°C for 3 days. Cells were
harvested by centrifugation at 5,300g for 10 min. Cell
counts were determined microscopically using a Thoma
counting chamber and adjusted to the desired level with
sterile distilled water. Three individual malting experiments
were carried out with a pure culture of P. anomala C565. In
experiment 1 (Exp. 1) yeast cultures were added into the

Wrst steeping water at a level of 106 cfu/ml. In experiments
2 (Exp. 2) and 3 (Exp. 3) P. anomala C565 was added into
both steeping waters (106 cfu/ml). In malting experiment 4
(Exp. 4), P. anomala C565 was combined with L. planta-
rum VTT E-78076 (E76) in duplicate samples. L. planta-
rum E76 strain was grown in MRS-broth (Oxoid,
Basingstoke, Hampshire, UK) at 30°C for 3 days. LAB cul-
ture, including cells and spent medium, was added into the
Wrst steeping water at a level of 4% v/v of the steeping
water. The LAB were enumerated on MRS agar plates
(Oxoid) incubated in anaerobic conditions at 30°C for 72 h.
P. anomala C565 cells were added into the second steeping
water.

The number of germinated grains was counted daily
from a sample of about 150–200 kernels until the germina-
tion rate exceeded 90%. The concentration of ethanol in the
head space of each malting drum was analyzed continu-
ously using a Fourier Transform Infrared Spectroscopy
(FTIR) multicomponent gas analyzer Gasmet® (Temet
Instruments Ltd., Helsinki, Finland) with a heated, Xow-
through, 5 m path length sample cell.

Microbiological analyses of process samples

Samples for the microbiological analyses were taken from
untreated barley, and from barley after steeping, germina-
tion and kilning (after rootlet removal). The following
microbial groups were analyzed from homogenized barley
samples: aerobic heterotrophic bacteria, Pseudomonas spp.,
lactic acid bacteria, and yeasts. Duplicate samples were
prepared in each experiment. A sample of 10 g was homog-
enized for 10 min with 90 ml of sterile saline in a Stom-
acher Lab Blender 400 (Seward Medical, London, UK).
Aerobic heterotrophic bacteria were determined on plate
count agar (PCA, Difco Laboratories) and Pseudomonas
spp. on C–F–C agar (Oxoid Ltd.). Samples were incubated
in aerobic conditions at 30°C for 2–3 days. The number of
LAB was determined on MRS agar (Oxoid) and samples
were incubated in anaerobic conditions at 30°C for 5 days.
To prevent fungal overgrowth of bacterial determinations,
0.001% cycloheximide (Sigma Chemical, St. Louis, MO,
USA) was added to PCA, C–F–C and MRS media. Yeast
counts were determined on YM agar (Difco Laboratories).
Samples were incubated in aerobic conditions at 25°C for
3–5 days. Chlortetracycline and chloramphenicol (both at
0.01%) were added to YM medium to prevent bacterial
growth. In addition, 0.02% of Triton-X 100 (BDH) was
used to limit the spreading of fungal colonies on YM-agar.
The bacteria and yeast results are expressed as colony
forming units/gram barley (cfu/g).

For Fusarium analyses, 100 randomly selected kernels
were placed on a selective Czapek–Dox agar containing
Iprodion and Dichloral (CZID-agar) [1, 15]. The CZID
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plates were incubated at 25°C for 7 days. Other Wlamentous
fungi such as Alternaria spp., Cephalosporium spp., Cla-
dosporium spp., Drechslera spp., Epicoccum spp., Mucor
and Rhizopus spp. were determined from barley, steeped
barley and malt samples on wet Wlter paper using direct
plating of 100 kernels [15]. Filter paper plates were incu-
bated at 25°C for 21 days. Fungi were identiWed under a
stereomicroscope on the basis of typical colony form and
color. IdentiWcation was conWrmed by conidia morphology
with a light microscope (magniWcation 400£). The results
are expressed as percent of kernels contaminated with
fungi.

Determination of fungal hydrophobins and gushing
potential

The hydrophobin levels in the malt samples were deter-
mined with competitive ELISA (Enzyme Linked Immuno-
Sorben Assay) as described by Sarlin et al. [52]. Ground
sample (5 g) was extracted with PBS buVer (10 mM
sodium phosphate pH 7.3, 150 mM sodium chloride) in the
proportion of 1:10. After centrifugation, the supernatant
was removed to a clean tube and antibodies against F. poae
VTT D-82182 (D182) were added. After incubation, the
sample-antibody mixture was transferred to an immuno-
plate (Nunc-Immuno Modules, MaxiSorp polystyrene
strips, Nunc, Rochester, NY, USA) coated with hydropho-
bin extract of F. poae D182 Goat anti-rabbit IgG (H + L)-
alkaline phosphatase (AP) conjugate (Bio-Rad Laborato-
ries, Hercules, CA, USA) was used as a secondary anti-
body. p-Nitrophenyl phosphate tablets (Sigma) in
diethanolamine-MgCl2 buVer (Oy Reagena Ltd., Toivala,
Finland) were used as substrate for AP detection. The
absorbance was read at 405 nm. Due to the nature of the
competitive ELISA, a lower absorbance value corre-
sponded to a higher amount of hydrophobin in the samples.
In the present study, the results are expressed as the inverse
of the mean absorbance value. The results are means of the
analyses of four replicates. The signiWcance of P. anomala
C565 for malt hydrophobin levels in three malting experi-
ment was evaluated using one-way variance analysis
(ANOVA) with Tukey’s Honestly SigniWcant DiVerence
(HSD) test. Statistical signiWcance was assessed at
P < 0.05. The software SPSS 14.0 for Windows was used
for the statistical analyses.

The gushing potential of malt samples was measured as
described by Vaag et al. [64]. The malt extracts were added
to commercial, bottled beer (0.33 l) and pasteurized bottles
were agitated for 3 days with a horizontally rotating shaker
at 50 rpm [21]. The gushing positive and negative malt
samples obtained from Carlsberg Research Laboratory,
Copenhagen Valby, Denmark were included in the studies.
After shaking, the bottles were kept still for 10 min,

inverted three times and opened after 30 s. The amount of
gushing was determined from the change in weight of the
bottle. The test was performed in triplicate.

Malt and wort analyses

High gravity mashing and the Büchner Wltration test for
evaluation of lautering performance were performed, as
described by Sjöholm et al. [59]. The high gravity labora-
tory mashing conditions resemble those used in commercial
brewery practice, so the results give a better prediction of
the brewing performance of malt than the standard EBC
Congress mash. Samples were analyzed using the following
EBC recommended methods: malt friability, wort extract
content, wort soluble nitrogen, wort free amino nitrogen,
wort viscosity and wort �-glucan [14]. �-Amylase activity
was analyzed with a Ceralpha kit (Megazyme International
Ireland Ltd., Wicklow, Ireland) using an extraction time of
30 min and assay conditions as speciWed by the manufac-
turer. �-Glucanase activity was analyzed with the Azo-bar-
ley glucan method kit using azo-barley glucan as substrate
(Megazyme). The assay was performed at both 30 and
60°C in order to distinguish between �-glucanase of barley
and microbial origin. Xylanase was analysed with an endo-
1,4-�-xylanase assay procedure using Xylazyme AX tablets
(Megazyme) as substrate. Milled malt (1.00 g) was
extracted in 8.0 ml of sodium acetate buVer (25 mM, pH
4.5) for 15 min at room temperature with continuous stir-
ring (200 rpm). The Xour was separated by centrifugation
(1,000g). Xylanase activity was measured at 45°C. A sub-
strate tablet was added to 0.5 ml of extract and incubated
for 30 min. The reaction was stopped by adding 5.0 ml of
1% Trizma base. Absorbance was measured at 590 nm. The
results are expressed as diVerence in absorbance between
the sample and a reagent blank.

Results

Antifungal potential of yeasts and yeast-like fungi against 
Wlamentous Weld and storage fungi

The antifungal potential of seven ascomycetous and Wve
basidiomycetous yeast strains was screened against com-
mon Weld and storage contaminants using a dual-culture
plate assay, in which yeast cultures were Wrst grown in
YM-agar and then overlayed with mould spore suspension
in soft malt agar (Table 1). The main emphasis of this study
was on the suppression of Fusarium growth, and therefore
13 diVerent Fusarium strains were tested. The results indi-
cated that the ascomycetous yeasts had better antifungal
potential than the basidiomycetous yeasts. As seen from
Table 1, C. saitoana C524, Geotrichum sp. D559, P. anomala

704 J Ind Microbiol Biotechnol (2007) 34:701–713

123

Antifungal screening in vitro with plate-assay

The yeast strains were screened for antifungal potential
using a dual-culture overlay assay adapted from Magnus-
son et al. [38]. Yeasts were inoculated along a 2 cm line on
replicate YM plates and allowed to grow at 25°C for 2–
3 days. The plates were overlaid with 10 ml of temperated
malt extract soft agar (0.05% malt extract, Difco) contain-
ing 104 fungal spores per ml. Spore suspension was pre-
pared by removing the spores from the PDA plates of a 7
day-culture. Sterile saline (10 ml) was added to the plates
and spores were harvested with a bacteriological spreader.
The suspension was Wltered through sterile glass wool to
remove mycelial debris. The number of spores was counted
microscopically using a counting chamber (Thoma, Knittle
Gläser, Germany) and adjusted by adding sterile distilled
water. The growth inhibition was measured after 5 and
7 days of incubation at 25°C. The results were considered
as positive (+) if the mould could not overgrow the yeast or
if a clear inhibition area was observed around the colony. In
the negative (¡) samples, the whole plate was covered with
mycelia.

Malting experiments with naturally infested barley

Barley (Hordeum vulgare L, Poaceae, two-row variety
Scarlett cultivated in Finland 2005) samples (1 kg) were
malted in a specially designed, computer-controlled micro-
malting equipment with a separate drum for each sample
(Hulo Engineering, Helsinki, Finland). Due to intensive
Fusarium contamination and gushing potential, this sample
was unacceptable for commercial purposes but suitable for
this study. Fungal gushing factors were not found in the
native barley, but were produced during the malting pro-
cess. Before malting, barley samples were sieved to remove
grains <2.5 mm. All barley samples were steeped in 3 l of
water or in water containing microbial cultures at 18°C for
8 h, followed by a 16 h air rest (20°C) and a second steep
(2 h, 18°C). The moisture content of grains was measured
daily and kept constant (46–47%) by adding water. The
barley was then allowed to germinate for 5 days at 16°C
and dried (kilned) in warm air (4 h 50°C, 3 h ramp to 60°C,
2.5 h 60°C, 3 h ramp to 85°C, 1 h 85°C) in a separate kiln.
The rootlets were removed before analyses.

Liquid cultures of P. anomala C565 strain were grown
in Erlenmayer Xasks containing YM-broth and incubated
on a rotary shaker at 100 rpm at 25°C for 3 days. Cells were
harvested by centrifugation at 5,300g for 10 min. Cell
counts were determined microscopically using a Thoma
counting chamber and adjusted to the desired level with
sterile distilled water. Three individual malting experiments
were carried out with a pure culture of P. anomala C565. In
experiment 1 (Exp. 1) yeast cultures were added into the

Wrst steeping water at a level of 106 cfu/ml. In experiments
2 (Exp. 2) and 3 (Exp. 3) P. anomala C565 was added into
both steeping waters (106 cfu/ml). In malting experiment 4
(Exp. 4), P. anomala C565 was combined with L. planta-
rum VTT E-78076 (E76) in duplicate samples. L. planta-
rum E76 strain was grown in MRS-broth (Oxoid,
Basingstoke, Hampshire, UK) at 30°C for 3 days. LAB cul-
ture, including cells and spent medium, was added into the
Wrst steeping water at a level of 4% v/v of the steeping
water. The LAB were enumerated on MRS agar plates
(Oxoid) incubated in anaerobic conditions at 30°C for 72 h.
P. anomala C565 cells were added into the second steeping
water.

The number of germinated grains was counted daily
from a sample of about 150–200 kernels until the germina-
tion rate exceeded 90%. The concentration of ethanol in the
head space of each malting drum was analyzed continu-
ously using a Fourier Transform Infrared Spectroscopy
(FTIR) multicomponent gas analyzer Gasmet® (Temet
Instruments Ltd., Helsinki, Finland) with a heated, Xow-
through, 5 m path length sample cell.

Microbiological analyses of process samples

Samples for the microbiological analyses were taken from
untreated barley, and from barley after steeping, germina-
tion and kilning (after rootlet removal). The following
microbial groups were analyzed from homogenized barley
samples: aerobic heterotrophic bacteria, Pseudomonas spp.,
lactic acid bacteria, and yeasts. Duplicate samples were
prepared in each experiment. A sample of 10 g was homog-
enized for 10 min with 90 ml of sterile saline in a Stom-
acher Lab Blender 400 (Seward Medical, London, UK).
Aerobic heterotrophic bacteria were determined on plate
count agar (PCA, Difco Laboratories) and Pseudomonas
spp. on C–F–C agar (Oxoid Ltd.). Samples were incubated
in aerobic conditions at 30°C for 2–3 days. The number of
LAB was determined on MRS agar (Oxoid) and samples
were incubated in anaerobic conditions at 30°C for 5 days.
To prevent fungal overgrowth of bacterial determinations,
0.001% cycloheximide (Sigma Chemical, St. Louis, MO,
USA) was added to PCA, C–F–C and MRS media. Yeast
counts were determined on YM agar (Difco Laboratories).
Samples were incubated in aerobic conditions at 25°C for
3–5 days. Chlortetracycline and chloramphenicol (both at
0.01%) were added to YM medium to prevent bacterial
growth. In addition, 0.02% of Triton-X 100 (BDH) was
used to limit the spreading of fungal colonies on YM-agar.
The bacteria and yeast results are expressed as colony
forming units/gram barley (cfu/g).

For Fusarium analyses, 100 randomly selected kernels
were placed on a selective Czapek–Dox agar containing
Iprodion and Dichloral (CZID-agar) [1, 15]. The CZID
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waters of barley. All the control samples induced overfoa-
ming of beer, whereas gushing tendency was not observed
in the P. anomala treated samples (Table 2).

We also studied the eVect of P. anomala C565 addition
on the growth of other Wlamentous fungi during malting. As
seen from Fig. 4, the common Weld fungi Alternaria, Cepha-
losporium, Cladosporium, and Drechslera, were not

restricted by the addition of P. anomala C565. On the con-
trary, slightly higher (10%) Drechslera and Cephalosporium
counts were observed after steeping of P. anomala C565
treated samples compared to the control. The Mucorales
fungi, such as Mucor or Rhizopus, did not belong to the
indigenous fungal community of barley (Fig. 4). They are
commonly detected as process contaminants at elevated
moisture conditions, especially during the early hours of kil-
ning. The fungal analysis of malt samples revealed that over
80% of the control kernels were contaminated with Mucor
fungi. A signiWcant reduction of this fungus was measured
in P. anomala C565 treated samples. Only 26% of the malt
kernels contained Mucor fungi after P. anomala treatment.

Addition of P. anomala C565 as single culture into the
steeping waters had no eVect on the bacterial community
consisting of both Gram-negative and -positive bacteria.
The aerobic bacterial count reached 109 cfu/g after 5 days
of germination in both control and Pichia-treated samples.
In the Wnal malt samples after rootlet removal, the number
of aerobic heterotrophic bacteria was 108 cfu/g. A signiW-
cant proportion of this aerobic bacterial population was
composed of pseudomonads (106 cfu/g). The indigenous
LAB population was low in barley, but it increased consid-
erably during malting in both control and P. anomala C565
samples. The Wnal malt contained 107 LAB/g.

EVects of P. anomala C565 on grain germination 
and malt quality

Pichia anomala C565 had no notable eVect on grain germi-
nation (Table 3). Over 96% of the kernels had germinated in
both samples after 3 days of malting. Interestingly, P. ano-
mala C565 clearly decreased the ethanol concentration in
the head space of a malting drum (Fig. 5). After carbon
dioxide, ethanol was the second most abundant volatile
detected in the control samples. The present results indicate
that the ethanol produced by the grain was rapidly consumed
by P. anomala. The composition of the gas atmosphere in

Fig. 2 Fusarium growth restric-
tion by P. anomala C565 added 
to the steeping water. Kernels 
contaminated with Fusarium 
fungi after 2 days of malting 
(after steeping) on CZID plates. 
a control sample, b P. anomala 
C565 added to both steeping 
waters

Fig. 3 EVects of P. anomala C565 on malt hydrophobin levels. P.
anomala C565 was added into the Wrst steeping water in Exp. 1 and to
both the Wrst and second steeping water in Exp. 2 and 3. Values are
means of four replicates (§SD). Bars labeled with diVerent letters are
statistically diVerent at the signiWcance level of 0.05
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Table 2 EVects of P. anomala C565 on malt gushing potential

P. anomala C565 was added into the Wrst steeping water in Exp. 1 and
to both Wrst and second steeping water in Exp. 2 and 3
a Gushing of beer was determined as the beer overXowing (g) from the
bottles. The test was performed in triplicate

Experiment Gushing tendencya

Control Pichia anomala C565

Exp. 1 17 § 16 0 § 0

Exp. 2 32 § 5 0 § 0

Exp. 3 1 § 1 0 § 0
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C564 and C565, and P. guilliermondii C568 were the most
prominent strains with respect to antagonistic activity
against Wlamentous fungi. When grown together on solid
media, these yeasts clearly suppressed the growth of several
indicator moulds. However, great variation in growth inhi-
bition was observed among diVerent mould species and
even between strains. All the yeast strains tested could pre-
vent the overgrowth of F. avenaceum D141 in the plate
assay, whereas F. oxysporum D134 and F. tricinctum D607
strains were inhibited only by Geotrichum sp. D559, P.
anomala C564 and C565.

Antimicrobial eVects of P. anomala C565 in malting 
of naturally infested barley

Pichia anomala C565 was selected for the malting experi-
ments because it suppressed the growth of all indicator
organisms in the in vitro study. Three individual malting
experiments were carried out with P. anomala C565 single
strain culture. In Exp. 1, the yeast culture was added into
the Wrst steeping water, and in Exp. 2 and 3 into both steep-
ing waters. The cells were added into the steeping waters at
a level of 106 cfu/g of barley. As seen from Fig. 1., the
counts of P. anomala C565 increased over 1 log unit during
the Wrst days of malting and reached their maxima
(3 £ 108 cfu/g) at the end of germination. Kilning had little
eVect on the viable counts. The yeast counts in the Wnal
malt were over 106 cfu/g in Exp. 1 and over 107 cfu/g in
Exp. 2 and 3. P. anomala C565 suppressed the growth of
other yeasts on the YM-plates and only P. anomala colo-
nies were detected, whereas a diverse yeast population was
detected in the control samples.

Many antifungal studies have been carried out in con-
trolled laboratory environments with pure cultures or with
artiWcially contaminated material. In this study, the antifun-

gal potential of malt-derived yeast was evaluated with natu-
rally contaminated material showing gushing potential. The
addition of P. anomala C565 into the steeping water clearly
suppressed the intensity of Fusarium contamination and
obviously modiWed the Fusarium population (Fig. 2).
Although the CZID-analysis showed that 100% of the ker-
nels were contaminated after steeping, a clear visual diVer-
ence in Fusarium populations was observed between the
control (Fig. 2a) and P. anomala C565 treated samples
(Fig. 2b) after steeping. The Fusarium contamination in the
Wnal malt samples remained high (99% of the kernels were
contaminated with fusaria). Only »7% lower counts were
measured in the malt samples after P. anomala C565 treat-
ment. Direct plating method with CZID-agar had limited
quantitative value and indicated only the fraction of kernels
contaminated with fungi, not the degree of infection. There-
fore, the eVects of P. anomala C565 on Fusarium fungi
were also evaluated indirectly by determination of fungal
hydrophobins, also known as gushing inducers.

The results of the hydrophobin-ELISA revealed that the
addition of P. anomala C565 clearly restricted the produc-
tion of Fusarium hydrophobins during malting (Fig. 3).
Analysis of variance showed that the malt hydrophobin lev-
els of the control and Pichia-treated samples were signiW-
cantly (P < 0.05) diVerent. As also can be seen from Fig. 3,
the hydrophobin levels in the control samples of Exp. 1
diVered signiWcantly (P < 0.05) from those of Exp. 2 and 3.
The Wrst malting experiment was carried out with barley
after six months of storage and the subsequent experiments
with the same barley sample after 7 and 7.5 months of stor-
age. The results indicated that the hydrophobin formation
capability of fusaria was reduced during the prolonged bar-
ley storage.

The gushing test conWrmed that beer gushing was pre-
vented when P. anomala C565 was added into the steeping

Fig. 1 Growth of indigenous 
yeasts (control) and inoculated 
P. anomala yeasts (C565) during 
the malting experiments. Dupli-
cate grain samples were deter-
mined in each experiment. The 
control counts are mean values 
obtained from three individual 
malting experiments (§SD). P. 
anomala C565 counts are aver-
ages of duplicate samples from 
Exp. 1 (C565 added into the Wrst 
steeping water) and averages of 
four samples from Exp. 2 and 3 
(C565 added into both steeping 
waters)
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waters of barley. All the control samples induced overfoa-
ming of beer, whereas gushing tendency was not observed
in the P. anomala treated samples (Table 2).

We also studied the eVect of P. anomala C565 addition
on the growth of other Wlamentous fungi during malting. As
seen from Fig. 4, the common Weld fungi Alternaria, Cepha-
losporium, Cladosporium, and Drechslera, were not

restricted by the addition of P. anomala C565. On the con-
trary, slightly higher (10%) Drechslera and Cephalosporium
counts were observed after steeping of P. anomala C565
treated samples compared to the control. The Mucorales
fungi, such as Mucor or Rhizopus, did not belong to the
indigenous fungal community of barley (Fig. 4). They are
commonly detected as process contaminants at elevated
moisture conditions, especially during the early hours of kil-
ning. The fungal analysis of malt samples revealed that over
80% of the control kernels were contaminated with Mucor
fungi. A signiWcant reduction of this fungus was measured
in P. anomala C565 treated samples. Only 26% of the malt
kernels contained Mucor fungi after P. anomala treatment.

Addition of P. anomala C565 as single culture into the
steeping waters had no eVect on the bacterial community
consisting of both Gram-negative and -positive bacteria.
The aerobic bacterial count reached 109 cfu/g after 5 days
of germination in both control and Pichia-treated samples.
In the Wnal malt samples after rootlet removal, the number
of aerobic heterotrophic bacteria was 108 cfu/g. A signiW-
cant proportion of this aerobic bacterial population was
composed of pseudomonads (106 cfu/g). The indigenous
LAB population was low in barley, but it increased consid-
erably during malting in both control and P. anomala C565
samples. The Wnal malt contained 107 LAB/g.

EVects of P. anomala C565 on grain germination 
and malt quality

Pichia anomala C565 had no notable eVect on grain germi-
nation (Table 3). Over 96% of the kernels had germinated in
both samples after 3 days of malting. Interestingly, P. ano-
mala C565 clearly decreased the ethanol concentration in
the head space of a malting drum (Fig. 5). After carbon
dioxide, ethanol was the second most abundant volatile
detected in the control samples. The present results indicate
that the ethanol produced by the grain was rapidly consumed
by P. anomala. The composition of the gas atmosphere in

Fig. 2 Fusarium growth restric-
tion by P. anomala C565 added 
to the steeping water. Kernels 
contaminated with Fusarium 
fungi after 2 days of malting 
(after steeping) on CZID plates. 
a control sample, b P. anomala 
C565 added to both steeping 
waters

Fig. 3 EVects of P. anomala C565 on malt hydrophobin levels. P.
anomala C565 was added into the Wrst steeping water in Exp. 1 and to
both the Wrst and second steeping water in Exp. 2 and 3. Values are
means of four replicates (§SD). Bars labeled with diVerent letters are
statistically diVerent at the signiWcance level of 0.05
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Table 2 EVects of P. anomala C565 on malt gushing potential

P. anomala C565 was added into the Wrst steeping water in Exp. 1 and
to both Wrst and second steeping water in Exp. 2 and 3
a Gushing of beer was determined as the beer overXowing (g) from the
bottles. The test was performed in triplicate

Experiment Gushing tendencya

Control Pichia anomala C565

Exp. 1 17 § 16 0 § 0

Exp. 2 32 § 5 0 § 0

Exp. 3 1 § 1 0 § 0
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C564 and C565, and P. guilliermondii C568 were the most
prominent strains with respect to antagonistic activity
against Wlamentous fungi. When grown together on solid
media, these yeasts clearly suppressed the growth of several
indicator moulds. However, great variation in growth inhi-
bition was observed among diVerent mould species and
even between strains. All the yeast strains tested could pre-
vent the overgrowth of F. avenaceum D141 in the plate
assay, whereas F. oxysporum D134 and F. tricinctum D607
strains were inhibited only by Geotrichum sp. D559, P.
anomala C564 and C565.

Antimicrobial eVects of P. anomala C565 in malting 
of naturally infested barley

Pichia anomala C565 was selected for the malting experi-
ments because it suppressed the growth of all indicator
organisms in the in vitro study. Three individual malting
experiments were carried out with P. anomala C565 single
strain culture. In Exp. 1, the yeast culture was added into
the Wrst steeping water, and in Exp. 2 and 3 into both steep-
ing waters. The cells were added into the steeping waters at
a level of 106 cfu/g of barley. As seen from Fig. 1., the
counts of P. anomala C565 increased over 1 log unit during
the Wrst days of malting and reached their maxima
(3 £ 108 cfu/g) at the end of germination. Kilning had little
eVect on the viable counts. The yeast counts in the Wnal
malt were over 106 cfu/g in Exp. 1 and over 107 cfu/g in
Exp. 2 and 3. P. anomala C565 suppressed the growth of
other yeasts on the YM-plates and only P. anomala colo-
nies were detected, whereas a diverse yeast population was
detected in the control samples.

Many antifungal studies have been carried out in con-
trolled laboratory environments with pure cultures or with
artiWcially contaminated material. In this study, the antifun-

gal potential of malt-derived yeast was evaluated with natu-
rally contaminated material showing gushing potential. The
addition of P. anomala C565 into the steeping water clearly
suppressed the intensity of Fusarium contamination and
obviously modiWed the Fusarium population (Fig. 2).
Although the CZID-analysis showed that 100% of the ker-
nels were contaminated after steeping, a clear visual diVer-
ence in Fusarium populations was observed between the
control (Fig. 2a) and P. anomala C565 treated samples
(Fig. 2b) after steeping. The Fusarium contamination in the
Wnal malt samples remained high (99% of the kernels were
contaminated with fusaria). Only »7% lower counts were
measured in the malt samples after P. anomala C565 treat-
ment. Direct plating method with CZID-agar had limited
quantitative value and indicated only the fraction of kernels
contaminated with fungi, not the degree of infection. There-
fore, the eVects of P. anomala C565 on Fusarium fungi
were also evaluated indirectly by determination of fungal
hydrophobins, also known as gushing inducers.

The results of the hydrophobin-ELISA revealed that the
addition of P. anomala C565 clearly restricted the produc-
tion of Fusarium hydrophobins during malting (Fig. 3).
Analysis of variance showed that the malt hydrophobin lev-
els of the control and Pichia-treated samples were signiW-
cantly (P < 0.05) diVerent. As also can be seen from Fig. 3,
the hydrophobin levels in the control samples of Exp. 1
diVered signiWcantly (P < 0.05) from those of Exp. 2 and 3.
The Wrst malting experiment was carried out with barley
after six months of storage and the subsequent experiments
with the same barley sample after 7 and 7.5 months of stor-
age. The results indicated that the hydrophobin formation
capability of fusaria was reduced during the prolonged bar-
ley storage.

The gushing test conWrmed that beer gushing was pre-
vented when P. anomala C565 was added into the steeping

Fig. 1 Growth of indigenous 
yeasts (control) and inoculated 
P. anomala yeasts (C565) during 
the malting experiments. Dupli-
cate grain samples were deter-
mined in each experiment. The 
control counts are mean values 
obtained from three individual 
malting experiments (§SD). P. 
anomala C565 counts are aver-
ages of duplicate samples from 
Exp. 1 (C565 added into the Wrst 
steeping water) and averages of 
four samples from Exp. 2 and 3 
(C565 added into both steeping 
waters)
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bacteria, yeasts and Wlamentous fungi [35, 42, 49]. It is
obvious that microbes greatly inXuence malt quality, wort
Wltration and fermentation and therefore, have a signiWcant
impact on beer processing and quality. Depending on the
nature and extent of microbes, the eVects may be either
beneWcial or deleterious to malt quality [6, 10, 17, 23, 33,
37, 51, 58, 63, 65]. The most negative consequences linked
to intensive mould growth, especially fusaria, are the pro-
duction of mycotoxins and gushing factors [52, 56].

This study indicated that Fusarium growth during malt-
ing and the production of fungal hydrophobic proteins, also
known as gushing factors, could be suppressed with yeasts
naturally occurring in the industrial malting ecosystem. In
vitro screening with a plate-assay indicated that ascomyce-
tous strains belonging to species of A. pullulans, C. sake, C.
saitoana, G. geotrichum, P. anomala, and P. guilliermondii
were the most potential yeasts with respect to antifungal
activity. These results were in agreement with previous
investigations [6, 19, 45, 50, 54, 70]. P. anomala VTT C-
04565 (C565) was selected for malting experiments in
order to verify the antifungal potential of malt-derived
yeast in malting with naturally infested barley. To our
knowledge, this is the Wrst report showing the eVects of P.
anomala against Fusarium-fungi in malting and on overall
malt quality.

Pichia anomala is a robust organism, which is occurring
naturally in plant materials such as in cereals [44]. It is tra-

ditionally used in fermented products in Africa and Asia
[43]. This species is classiWed as safe (biosafety level 1),
and is potentially a suitable biocontrol agent in a variable
environment [12, 44]. P. anomala has previously shown
antimicrobial activity against a wide range of unrelated
microbes such as bacteria, yeasts, and Wlamentous fungi
[44]. P. anomala J121 has been extensively studied in the
preservation of moist grains (wheat, barley and oats) for
animal feed [12, 18, 19, 47, 48].

We demonstrated that P. anomala C565 added to the
steeping water restricted Fusarium growth. Steeping can be
regarded as the most important step in malting with respect
to microbiological safety because it activates rapid growth
of bacteria and fungi [42]. Therefore, P. anomala C565 was

Table 4 EVects of P. anomala C565 on malt and wort (High gravity)
properties

P. anomala C565 was added into the Wrst steeping water in Exp. 1 and
to both the Wrst and second steeping water in Exp. 2 and 3
a The values for control samples are mean § standard deviation of
three individual malting experiments (Exp 1–3)

Controla P. anomala C565

Mean 
(n = 3)

Exp 1. 
(n = 1)

Exp. 2 and 3
(n = 2)

Malt analyses

Friability, % 88 § 2 88 86

�-Amylase, U/g 320 § 6 352 321

�-Glucanase, 30°C, U/kg 722 § 46 720 684

�-Glucanase, 60°C, U/kg 114 § 15 94 105

Xylanase, abs x 1000 0.209 § 0.05 0.213 0.184

High gravity wort analyses

Wort extract content, w-% 16.8 § 0.1 17.1 16.7

Color, EBC 5.7 § 0.2 5.5 5.6

Free amino nitrogen, mg/l 367 § 9 404 366

Soluble nitrogen, mg/l 1,819 § 14 1,891 1,807

pH 5.6 § 0 5.6 5.5

�-Glucan, mg/l 263 § 15 260 270

Wort viscosity, cP 2.17 § 0.03 2.18 2.26

Fig. 6 EVects of P. anomala C565 (a) and of a combination of P. ano-
mala C565 with L. plantarum E76 (b) on mash Wlterability measured
as the Büchner Wltration test. Values are means of triplicate (Control in
a), duplicate (C565 Exp2/3 in a; E76 + C565 B) or single (C565 Exp1
in a; Control in Fig b) malting samples. The repeatability of the Wltra-
tion curve has been evaluated by including standard malt in each anal-
ysis during several years. In the standard malt, the standard deviation
of the amount of Wltrate measured at 0.25 h is 5.1 g
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the malting drum also diVered with respect to ethyl acetate,
which was only detected in Pichia-inoculated samples, at
low levels (1.5–7 ppm) during the Wrst 2 days of malting.

Table 4 shows the eVects of P. anomala C565 on malt
quality and on the properties of high gravity wort. The malts
were all well modiWed based on the high friabilities. How-

ever, this study indicated that P. anomala C565 addition may
retard mash Wlterability (Fig. 6a). The diVerence between the
Wltration curves of the control and Pichia treated samples
was small but consistent. Approximately 10% less Wltrate
was obtained within one hour of Pichia treated samples
(when added into both steeping waters) compared to control
samples. As seen from Table 4, P. anomala appeared to sup-
press the microbial �-glucanase (assayed at 60°C) and xylan-
ase activities in malt in the Experiments 2 and 3, which could
partly explain the impeded wort Wltration.

Combination of P. anomala C565 with Lactobacillus 
plantarum E76 starter culture

In order to improve the wort Wltration performance, P. ano-
mala C565 was combined with L. plantarum E76 in Exp. 4.
L. plantarum E76 was added to the Wrst steeping water and
P. anomala C565 to the second steeping water. As seen
from Fig. 6b, the Wltration performance was recovered
when these two treatments were combined. L. plantarum
E76 treatment enhanced the production of plant cell wall
hydrolysing enzymes of microbial origin: slightly higher
microbial �-glucanase activities relative to the control were
observed when L. plantarum E76 was combined with P.
anomala C565 (Table 5). In addition, part of the beneWcial
eVects obtained with lactic acid starter treatment can be
explained by reduced growth of gram-negative bacteria,
particularly pseudomonads (Fig. 7) with a negative inXu-
ence on mash Wlterability.

Discussion

Malting can be considered as a complex ecosystem consist-
ing of germinating grain and a complex microbial commu-
nity including a number of aerobic bacteria, lactic acid

Fig. 4 EVects of Pichia ano-
mala C565 added to the Wrst and 
second steeping water on the 
occurrence of Alternaria, Ceph-
alosporium, Cladosporium, 
Drechslera, and Mucor fungi in 
barley samples after steeping 
and in Wnal malt. The values are 
means of the two malting exper-
iments (Exp 2. and 3.)
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Table 3 EVects of P. anomala C565 addition on grain germination

The values are mean § standard deviation of three individual malting
experiments (Exp 1–3)
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1 16 § 1 11 § 4

2 79 § 2 71 § 4
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Fig. 5 EVects of P. anomala C565 on ethanol production during the
Wrst days of malting. The results represent one of the duplicate malting
experiments (Exp. 2)
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bacteria, yeasts and Wlamentous fungi [35, 42, 49]. It is
obvious that microbes greatly inXuence malt quality, wort
Wltration and fermentation and therefore, have a signiWcant
impact on beer processing and quality. Depending on the
nature and extent of microbes, the eVects may be either
beneWcial or deleterious to malt quality [6, 10, 17, 23, 33,
37, 51, 58, 63, 65]. The most negative consequences linked
to intensive mould growth, especially fusaria, are the pro-
duction of mycotoxins and gushing factors [52, 56].

This study indicated that Fusarium growth during malt-
ing and the production of fungal hydrophobic proteins, also
known as gushing factors, could be suppressed with yeasts
naturally occurring in the industrial malting ecosystem. In
vitro screening with a plate-assay indicated that ascomyce-
tous strains belonging to species of A. pullulans, C. sake, C.
saitoana, G. geotrichum, P. anomala, and P. guilliermondii
were the most potential yeasts with respect to antifungal
activity. These results were in agreement with previous
investigations [6, 19, 45, 50, 54, 70]. P. anomala VTT C-
04565 (C565) was selected for malting experiments in
order to verify the antifungal potential of malt-derived
yeast in malting with naturally infested barley. To our
knowledge, this is the Wrst report showing the eVects of P.
anomala against Fusarium-fungi in malting and on overall
malt quality.

Pichia anomala is a robust organism, which is occurring
naturally in plant materials such as in cereals [44]. It is tra-

ditionally used in fermented products in Africa and Asia
[43]. This species is classiWed as safe (biosafety level 1),
and is potentially a suitable biocontrol agent in a variable
environment [12, 44]. P. anomala has previously shown
antimicrobial activity against a wide range of unrelated
microbes such as bacteria, yeasts, and Wlamentous fungi
[44]. P. anomala J121 has been extensively studied in the
preservation of moist grains (wheat, barley and oats) for
animal feed [12, 18, 19, 47, 48].

We demonstrated that P. anomala C565 added to the
steeping water restricted Fusarium growth. Steeping can be
regarded as the most important step in malting with respect
to microbiological safety because it activates rapid growth
of bacteria and fungi [42]. Therefore, P. anomala C565 was

Table 4 EVects of P. anomala C565 on malt and wort (High gravity)
properties

P. anomala C565 was added into the Wrst steeping water in Exp. 1 and
to both the Wrst and second steeping water in Exp. 2 and 3
a The values for control samples are mean § standard deviation of
three individual malting experiments (Exp 1–3)

Controla P. anomala C565

Mean 
(n = 3)

Exp 1. 
(n = 1)

Exp. 2 and 3
(n = 2)

Malt analyses

Friability, % 88 § 2 88 86

�-Amylase, U/g 320 § 6 352 321

�-Glucanase, 30°C, U/kg 722 § 46 720 684

�-Glucanase, 60°C, U/kg 114 § 15 94 105

Xylanase, abs x 1000 0.209 § 0.05 0.213 0.184

High gravity wort analyses

Wort extract content, w-% 16.8 § 0.1 17.1 16.7

Color, EBC 5.7 § 0.2 5.5 5.6

Free amino nitrogen, mg/l 367 § 9 404 366

Soluble nitrogen, mg/l 1,819 § 14 1,891 1,807

pH 5.6 § 0 5.6 5.5

�-Glucan, mg/l 263 § 15 260 270

Wort viscosity, cP 2.17 § 0.03 2.18 2.26

Fig. 6 EVects of P. anomala C565 (a) and of a combination of P. ano-
mala C565 with L. plantarum E76 (b) on mash Wlterability measured
as the Büchner Wltration test. Values are means of triplicate (Control in
a), duplicate (C565 Exp2/3 in a; E76 + C565 B) or single (C565 Exp1
in a; Control in Fig b) malting samples. The repeatability of the Wltra-
tion curve has been evaluated by including standard malt in each anal-
ysis during several years. In the standard malt, the standard deviation
of the amount of Wltrate measured at 0.25 h is 5.1 g
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the malting drum also diVered with respect to ethyl acetate,
which was only detected in Pichia-inoculated samples, at
low levels (1.5–7 ppm) during the Wrst 2 days of malting.

Table 4 shows the eVects of P. anomala C565 on malt
quality and on the properties of high gravity wort. The malts
were all well modiWed based on the high friabilities. How-

ever, this study indicated that P. anomala C565 addition may
retard mash Wlterability (Fig. 6a). The diVerence between the
Wltration curves of the control and Pichia treated samples
was small but consistent. Approximately 10% less Wltrate
was obtained within one hour of Pichia treated samples
(when added into both steeping waters) compared to control
samples. As seen from Table 4, P. anomala appeared to sup-
press the microbial �-glucanase (assayed at 60°C) and xylan-
ase activities in malt in the Experiments 2 and 3, which could
partly explain the impeded wort Wltration.

Combination of P. anomala C565 with Lactobacillus 
plantarum E76 starter culture

In order to improve the wort Wltration performance, P. ano-
mala C565 was combined with L. plantarum E76 in Exp. 4.
L. plantarum E76 was added to the Wrst steeping water and
P. anomala C565 to the second steeping water. As seen
from Fig. 6b, the Wltration performance was recovered
when these two treatments were combined. L. plantarum
E76 treatment enhanced the production of plant cell wall
hydrolysing enzymes of microbial origin: slightly higher
microbial �-glucanase activities relative to the control were
observed when L. plantarum E76 was combined with P.
anomala C565 (Table 5). In addition, part of the beneWcial
eVects obtained with lactic acid starter treatment can be
explained by reduced growth of gram-negative bacteria,
particularly pseudomonads (Fig. 7) with a negative inXu-
ence on mash Wlterability.

Discussion

Malting can be considered as a complex ecosystem consist-
ing of germinating grain and a complex microbial commu-
nity including a number of aerobic bacteria, lactic acid

Fig. 4 EVects of Pichia ano-
mala C565 added to the Wrst and 
second steeping water on the 
occurrence of Alternaria, Ceph-
alosporium, Cladosporium, 
Drechslera, and Mucor fungi in 
barley samples after steeping 
and in Wnal malt. The values are 
means of the two malting exper-
iments (Exp 2. and 3.)
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1 16 § 1 11 § 4

2 79 § 2 71 § 4

3 97 § 3 96 § 1

Fig. 5 EVects of P. anomala C565 on ethanol production during the
Wrst days of malting. The results represent one of the duplicate malting
experiments (Exp. 2)

E
th

an
ol

, p
pm

 

120 

100 

80 
Control 

60 

40 

20 

P. anomala C565

0
0 2 61 3 4 5

Malting time, days 



V/10 V/11

J Ind Microbiol Biotechnol (2007) 34:701–713 711

123

most probably linked to variable environmental conditions
and attachment of fusaria to barley surfaces. Gjertsen [20]
speculated that the gushing factors were produced as a
result of interactions between the barley and fungal myce-
lium. Munar and Sebree [41] also reported that an extract of
Fusarium fungi grown on agar plates did not induce gush-
ing when spiked into beer, although when Fusarium was
grown together with barley, beer gushing occurred. These
studies suggest that gushing factors arise as a result of an
interaction involving viable mould and the germinating
grain. Hydrophobin production may also be species related.
Gushing factors formed during malting occurred under the
barley husk and could not be removed by washing of the
Wnal malt [41]. Therefore, preventive actions are essential
in assuring safety along the barley to beer chain.

The antifungal action of biocontrol yeasts is often due to
several antagonistic mechanisms and hitherto no single
mechanism has been shown to be responsible for the whole
antimicrobial action. The mechanisms are poorly under-
stood, especially in complex ecosystems. Although the
mechanisms in the malting ecosystem were not studied in
the present investigation and they remain to be revealed,
our results indicated that P. anomala C565 competed with
fusaria for space. As a fast-growing organism, P. anomala
colonized the outer layers of barley and suppressed the
adherence of fungal contaminants to barley surfaces. Com-
petition for nutrients and space has often been suggested as
the main mode of the action mechanism of several biocon-
trol agents. In addition, the antifungal action of biocontrol
yeasts often includes induction of the plant defence system,
mycoparatism, production of lytic enzymes such as �,1-3
glucanase or chitinase that degrade the fungal cell wall or
secretion of antimicrobial compounds, such as killer pro-
teins [28, 39, 44]. Druvefors et al. [12] suggested that the
antifungal eVect of P. anomala was probably due to the
synergistic eVect of ethyl acetate and ethanol produced by
Pichia in an oxygen limited environment. Ethyl acetate was
indeed detected in the gaseous atmosphere of the malting
drums in P. anomala treated samples.

In this study, it was noticed that P. anomala C565 rap-
idly consumed the ethanol produced by the grains during
the air rest. P. anomala can utilize ethanol as a growth sub-
strate in aerobic conditions [32, 60]. We recently reported
that the ethanol detected during the Wrst days of malting
was mainly produced by the barley embryo and the aleu-
rone cells [69]. Fermentative metabolism and concomitant
ethanol production are part of the normal grain germina-
tion. Pichia yeasts can utilize a wide variety of carbon and
nitrogen sources for growth. Our results suggested that P.
anomala can utilize the grain metabolites as substrate for
growth, without disturbing the grain germination process.

This study conWrmed previous Wndings that P. anomala
had great antifungal potential [12, 19, 47, 48], and

expanded the list of potential application areas. However,
there seemed to be a trend toward slightly lower wort sepa-
ration when P. anomala C565 was applied into both steep-
ing waters. These results need to be conWrmed in pilot- or
production scale, where wort separation can be more accu-
rately evaluated. Wort Wltration rate is inXuenced by several
diVerent factors, such as complexes formed between pro-
teins and pentosans, �-glucans, residual starch, and lipids
[40]. P. anomala C565 addition into the both steeping
waters seemed to restrict the production of microbial �-glu-
canase and xylanases during malting, which might partly
explain the reduced Wltration rate. The microbial commu-
nity, especially Wlamentous fungi such as fusaria, have a
great inXuence on the malt enzyme potential and may there-
fore, also aVect wort Wltration performance [27, 51, 58, 71].
Furthermore, extracellular polysaccharides (EPS) produced
by malt-derived bacteria and yeasts may also aVect Wltra-
tion performance [23, 31]. EPS production has been
reported to occur among the yeast genera Aureobasidium,
Bullera, Cryptocccus, Pichia, Rhodotorula, Sporobolomy-
ces, Tremella, and Trichosporon [9]. Dense Wlm formation
(cream-colored Wlm of biomass) due to intensive Pichia
growth has been observed in the wine and beverage indus-
try [60]. Furthermore, Kreisz et al. [31] reported that malt-
derived yeast polysaccharides such as mannan and glyco-
gen may have a signiWcant impact on the haze level of
Wltered beer. Therefore, precautions must be taken when
selecting biocontrol agents for malting. However, >106 cfu/
g P. anomala has frequently been observed in the normal
industrial malting ecosystem without any negative conse-
quences [35].

The possible negative impacts of P. anomala on Wltra-
tion performance may limit its use in malting applications
alone. This study suggested that the wort Wltration perfor-
mance could be recovered by combining L. plantarum E76
treatment with P. anomala C565. To our knowledge, this
is the Wrst report in which P. anomala cultures were com-
bined with L. plantarum. Our previous studies have shown
that addition of L. plantarum E76 into the steeping notably
improved lautering performance [24, 34]. The present
study also conWrmed our previous Wndings that L. planta-
rum E76 addition enhanced xylanase and microbial �-glu-
canase activities. Furthermore, L. plantarum E76 notably
restricted the growth of aerobic bacteria, especially pseu-
domonads known to have a negative impact on wort Wltra-
tion performance [23, 33]. The combination of two
diVerent microbial cultures oVers a possibility to use their
diVerent properties, thus making the system more robust.
However, the transfer of knowledge obtained from labora-
tory experiments into real complex malting processes is a
challenging area which deWnitely needs further studies.
Furthermore, experiments are needed with a wider subset
of barley samples.
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inoculated at this stage. Although direct plating had little
quantitative value in Fusarium biomass evaluation, clear
suppression of Fusarium growth was observed on grains
cultivated on CZID-agar. Apparently, the majority of the
Fusarium community was located in and on the outermost
layers of barley tissues and was therefore restricted by the
addition of P. anomala C565. In addition to Fusarium inhi-
bition, P. anomala C565 treatment restricted Mucor-con-
tamination. Mucrorales fungi, such as Mucor and Rhizopus,
are considered as surface contaminants of grains and they
proliferate during germination and the early stages of kil-
ning [11]. This Wnding also suggested that yeasts may sup-
press the attachment of fungal surface contaminants.

However, P. anomala did not totally inhibit fusaria.
Moreover, the growth of other Weld fungi was not inhibited
by the P. anomala addition into the malting process,
although inhibition of several Wlamentous fungi was
observed in in vitro screening with a plate assay. On the
contrary, suppression of Fusarium growth most probably
provided more nutrients and space for the growth of certain
other fungi such as Cephalosporium and Drechslera. This
Wnding supports the theory that some species were located
deeper in the husk layers and were not necessarily inXu-
enced by the external addition of biocontrol agent. The Weld
fungi occur in diVerent parts of the husk and pericarp layers
in barley [55]. Therefore, this study highlights the impor-
tance of veriWcation of the results obtained from in vitro
studies with pure cultures by using naturally infested mate-
rial in vivo. Furthermore, the plate-screening assay indi-
cated that diVerences in sensitivity might occur among
Fusarium species and even between strains. However,
Fusarium diversity after Pichia treatment was not analyzed
in this study, and therefore we cannot conclude which spe-
ciWc species were inhibited during malting. In Finland, the
most common Fusarium species in barley during the recent
years have been F. avenaceum, F. athrosporioides, F.
sporotrichioides, and F. culmorum [72]. Our further studies
will be directed toward investigating the eVect of biocontrol
yeasts on Fusarium diversity during processing.

This study also indicated that P. anomala C565 sup-
pressed the production of fungal hydrophobic proteins dur-
ing malting. Hydrophobins are among the most important
structural proteins found in the Wlamentous fungi [13].
They are produced in response to changes in the environ-
ment and they react to interfaces between fungal cell walls
and the air or between fungal cell walls and solid surfaces
[29]. We recently showed that fungal hydrophobins are also
involved in beer gushing [52]. Addition of P. anomala
C565 into steeping prevented beer gushing. Results
obtained with the novel competitive hydrophobin-ELISA
test showed that all the P. anomala C565 malt samples had
absorbance values >0.8. Sarlin et al. [52] reported that the
risk of gushing is increased if the absorbance value of malt
is <0.6. The production of gushing factors in barley and in
malting is complex and still a largely unknown phenome-
non. It is well known that intensive Fusarium growth is part
of the normal malting process. However, the production of
gushing factors occurs only rarely. Our results suggested
that some suppression probably occurs in normal industrial
practice as a result of indigenous yeasts.

It has been shown that gushing potential can be
decreased during steeping, indicating that part of the gush-
ing factors produced during the growth period of barley in
the Weld are washed away with the steeping waters [41, 51].
However, additional hydrophobin production may occur
again during germination. Production of hydrophobins is

Table 5 EVects of combined treatment with L. plantarum E76 (added
to Wrst steeping water) and P. anomala C565 (added to second steeping
water) on malt and wort (High gravity) properties

a Gushing of beer was determined as the beer overXowing (g) from the
bottles. The test was performed in triplicate

Control 
(n = 1)

L. plantarum E76 +
P. anomala C565 (n = 2)

Malt analyses

Friability, % 86 84

�-Amylase, U/g 352 356

�-Glucanase, 30°C, U/kg 673 638

�-Glucanase, 60°C, U/kg 94 166

Xylanase, abs £ 1,000 0.203 0.278

High gravity wort analyses

Wort extract content, w-% 16.6 16.6

Color, EBC 6.0 7.0

Free amino nitrogen, mg/l 356 392

Soluble nitrogen, mg/l 1,809 1,882

pH 5.5 5.5

�-Glucan, mg/l 210 205

Wort viscosity, cP 2.12 2.07

Gushing tendencya 23 § 17 0 § 0

Fig. 7 EVects of L. plantarum E76 and P. anomala C565 combination
on the growth of Pseudomonas spp. during malting. Values are means
of duplicate malting samples
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most probably linked to variable environmental conditions
and attachment of fusaria to barley surfaces. Gjertsen [20]
speculated that the gushing factors were produced as a
result of interactions between the barley and fungal myce-
lium. Munar and Sebree [41] also reported that an extract of
Fusarium fungi grown on agar plates did not induce gush-
ing when spiked into beer, although when Fusarium was
grown together with barley, beer gushing occurred. These
studies suggest that gushing factors arise as a result of an
interaction involving viable mould and the germinating
grain. Hydrophobin production may also be species related.
Gushing factors formed during malting occurred under the
barley husk and could not be removed by washing of the
Wnal malt [41]. Therefore, preventive actions are essential
in assuring safety along the barley to beer chain.

The antifungal action of biocontrol yeasts is often due to
several antagonistic mechanisms and hitherto no single
mechanism has been shown to be responsible for the whole
antimicrobial action. The mechanisms are poorly under-
stood, especially in complex ecosystems. Although the
mechanisms in the malting ecosystem were not studied in
the present investigation and they remain to be revealed,
our results indicated that P. anomala C565 competed with
fusaria for space. As a fast-growing organism, P. anomala
colonized the outer layers of barley and suppressed the
adherence of fungal contaminants to barley surfaces. Com-
petition for nutrients and space has often been suggested as
the main mode of the action mechanism of several biocon-
trol agents. In addition, the antifungal action of biocontrol
yeasts often includes induction of the plant defence system,
mycoparatism, production of lytic enzymes such as �,1-3
glucanase or chitinase that degrade the fungal cell wall or
secretion of antimicrobial compounds, such as killer pro-
teins [28, 39, 44]. Druvefors et al. [12] suggested that the
antifungal eVect of P. anomala was probably due to the
synergistic eVect of ethyl acetate and ethanol produced by
Pichia in an oxygen limited environment. Ethyl acetate was
indeed detected in the gaseous atmosphere of the malting
drums in P. anomala treated samples.

In this study, it was noticed that P. anomala C565 rap-
idly consumed the ethanol produced by the grains during
the air rest. P. anomala can utilize ethanol as a growth sub-
strate in aerobic conditions [32, 60]. We recently reported
that the ethanol detected during the Wrst days of malting
was mainly produced by the barley embryo and the aleu-
rone cells [69]. Fermentative metabolism and concomitant
ethanol production are part of the normal grain germina-
tion. Pichia yeasts can utilize a wide variety of carbon and
nitrogen sources for growth. Our results suggested that P.
anomala can utilize the grain metabolites as substrate for
growth, without disturbing the grain germination process.

This study conWrmed previous Wndings that P. anomala
had great antifungal potential [12, 19, 47, 48], and

expanded the list of potential application areas. However,
there seemed to be a trend toward slightly lower wort sepa-
ration when P. anomala C565 was applied into both steep-
ing waters. These results need to be conWrmed in pilot- or
production scale, where wort separation can be more accu-
rately evaluated. Wort Wltration rate is inXuenced by several
diVerent factors, such as complexes formed between pro-
teins and pentosans, �-glucans, residual starch, and lipids
[40]. P. anomala C565 addition into the both steeping
waters seemed to restrict the production of microbial �-glu-
canase and xylanases during malting, which might partly
explain the reduced Wltration rate. The microbial commu-
nity, especially Wlamentous fungi such as fusaria, have a
great inXuence on the malt enzyme potential and may there-
fore, also aVect wort Wltration performance [27, 51, 58, 71].
Furthermore, extracellular polysaccharides (EPS) produced
by malt-derived bacteria and yeasts may also aVect Wltra-
tion performance [23, 31]. EPS production has been
reported to occur among the yeast genera Aureobasidium,
Bullera, Cryptocccus, Pichia, Rhodotorula, Sporobolomy-
ces, Tremella, and Trichosporon [9]. Dense Wlm formation
(cream-colored Wlm of biomass) due to intensive Pichia
growth has been observed in the wine and beverage indus-
try [60]. Furthermore, Kreisz et al. [31] reported that malt-
derived yeast polysaccharides such as mannan and glyco-
gen may have a signiWcant impact on the haze level of
Wltered beer. Therefore, precautions must be taken when
selecting biocontrol agents for malting. However, >106 cfu/
g P. anomala has frequently been observed in the normal
industrial malting ecosystem without any negative conse-
quences [35].

The possible negative impacts of P. anomala on Wltra-
tion performance may limit its use in malting applications
alone. This study suggested that the wort Wltration perfor-
mance could be recovered by combining L. plantarum E76
treatment with P. anomala C565. To our knowledge, this
is the Wrst report in which P. anomala cultures were com-
bined with L. plantarum. Our previous studies have shown
that addition of L. plantarum E76 into the steeping notably
improved lautering performance [24, 34]. The present
study also conWrmed our previous Wndings that L. planta-
rum E76 addition enhanced xylanase and microbial �-glu-
canase activities. Furthermore, L. plantarum E76 notably
restricted the growth of aerobic bacteria, especially pseu-
domonads known to have a negative impact on wort Wltra-
tion performance [23, 33]. The combination of two
diVerent microbial cultures oVers a possibility to use their
diVerent properties, thus making the system more robust.
However, the transfer of knowledge obtained from labora-
tory experiments into real complex malting processes is a
challenging area which deWnitely needs further studies.
Furthermore, experiments are needed with a wider subset
of barley samples.
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inoculated at this stage. Although direct plating had little
quantitative value in Fusarium biomass evaluation, clear
suppression of Fusarium growth was observed on grains
cultivated on CZID-agar. Apparently, the majority of the
Fusarium community was located in and on the outermost
layers of barley tissues and was therefore restricted by the
addition of P. anomala C565. In addition to Fusarium inhi-
bition, P. anomala C565 treatment restricted Mucor-con-
tamination. Mucrorales fungi, such as Mucor and Rhizopus,
are considered as surface contaminants of grains and they
proliferate during germination and the early stages of kil-
ning [11]. This Wnding also suggested that yeasts may sup-
press the attachment of fungal surface contaminants.

However, P. anomala did not totally inhibit fusaria.
Moreover, the growth of other Weld fungi was not inhibited
by the P. anomala addition into the malting process,
although inhibition of several Wlamentous fungi was
observed in in vitro screening with a plate assay. On the
contrary, suppression of Fusarium growth most probably
provided more nutrients and space for the growth of certain
other fungi such as Cephalosporium and Drechslera. This
Wnding supports the theory that some species were located
deeper in the husk layers and were not necessarily inXu-
enced by the external addition of biocontrol agent. The Weld
fungi occur in diVerent parts of the husk and pericarp layers
in barley [55]. Therefore, this study highlights the impor-
tance of veriWcation of the results obtained from in vitro
studies with pure cultures by using naturally infested mate-
rial in vivo. Furthermore, the plate-screening assay indi-
cated that diVerences in sensitivity might occur among
Fusarium species and even between strains. However,
Fusarium diversity after Pichia treatment was not analyzed
in this study, and therefore we cannot conclude which spe-
ciWc species were inhibited during malting. In Finland, the
most common Fusarium species in barley during the recent
years have been F. avenaceum, F. athrosporioides, F.
sporotrichioides, and F. culmorum [72]. Our further studies
will be directed toward investigating the eVect of biocontrol
yeasts on Fusarium diversity during processing.

This study also indicated that P. anomala C565 sup-
pressed the production of fungal hydrophobic proteins dur-
ing malting. Hydrophobins are among the most important
structural proteins found in the Wlamentous fungi [13].
They are produced in response to changes in the environ-
ment and they react to interfaces between fungal cell walls
and the air or between fungal cell walls and solid surfaces
[29]. We recently showed that fungal hydrophobins are also
involved in beer gushing [52]. Addition of P. anomala
C565 into steeping prevented beer gushing. Results
obtained with the novel competitive hydrophobin-ELISA
test showed that all the P. anomala C565 malt samples had
absorbance values >0.8. Sarlin et al. [52] reported that the
risk of gushing is increased if the absorbance value of malt
is <0.6. The production of gushing factors in barley and in
malting is complex and still a largely unknown phenome-
non. It is well known that intensive Fusarium growth is part
of the normal malting process. However, the production of
gushing factors occurs only rarely. Our results suggested
that some suppression probably occurs in normal industrial
practice as a result of indigenous yeasts.

It has been shown that gushing potential can be
decreased during steeping, indicating that part of the gush-
ing factors produced during the growth period of barley in
the Weld are washed away with the steeping waters [41, 51].
However, additional hydrophobin production may occur
again during germination. Production of hydrophobins is

Table 5 EVects of combined treatment with L. plantarum E76 (added
to Wrst steeping water) and P. anomala C565 (added to second steeping
water) on malt and wort (High gravity) properties

a Gushing of beer was determined as the beer overXowing (g) from the
bottles. The test was performed in triplicate

Control 
(n = 1)

L. plantarum E76 +
P. anomala C565 (n = 2)

Malt analyses

Friability, % 86 84

�-Amylase, U/g 352 356

�-Glucanase, 30°C, U/kg 673 638

�-Glucanase, 60°C, U/kg 94 166

Xylanase, abs £ 1,000 0.203 0.278

High gravity wort analyses

Wort extract content, w-% 16.6 16.6

Color, EBC 6.0 7.0

Free amino nitrogen, mg/l 356 392

Soluble nitrogen, mg/l 1,809 1,882

pH 5.5 5.5

�-Glucan, mg/l 210 205

Wort viscosity, cP 2.12 2.07

Gushing tendencya 23 § 17 0 § 0

Fig. 7 EVects of L. plantarum E76 and P. anomala C565 combination
on the growth of Pseudomonas spp. during malting. Values are means
of duplicate malting samples
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