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Fungal infection of barley and malt, particularly by the Fusarium species, is a direct cause of
spontaneous overfoaming of beer, referred to as gushing. We have shown previously that small
fungal proteins, hydrophobins, act as gushing-inducing factors in beer. The aim of our present
study was to isolate and characterize hydrophobins from a gushing-active fungus, Fusarium
graminearum (teleomorph Gibberella zeae) and related species. We generated profile hidden
Markov models (profile HMMs) for the hydrophobin classes Ia, Ib and II from the multiple
sequence alignments of their known members available in public domain databases. We
searched the published Fusarium graminearum genome with the Markov models. The best
matching sequences and the corresponding genes were isolated from F. graminearum and the
related species F. culmorum and F. poae by PCR and characterized. One each of the putative
F. graminearum and F. poae hydrophobin genes were expressed in the heterologous host
Trichoderma reesei. The proteins corresponding to the genes were purified and identified as
hydrophobins and named GzHYD5 and FpHYD5, respectively. Concentrations of 0.003 ppm of
these hydrophobins were observed to induce vigorous beer gushing.

Note: Nucleotide sequence data are available in the EMBL databases under the accession numbers FN668637
(Gibberella zeae hyd5 gene) and FN669508 (Fusarium poae hyd5 gene).
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Introduction*

Gushing is a phenomenon in which beer spontaneously
foams out from the container immediately on opening
(Fig. 1). Two types of gushing can be distinguished
based on the origin of gushing inducing substances
[1, 2]. Primary gushing is due to abnormalities in the
raw materials of beer and is known to be caused by
fungal infection of barley and malt, particularly by the
species of Fusarium [3–6]. Non-malt related gushing, i.e.
secondary gushing, is due to faults in the beer produc-
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tion process or to the incorrect treatments of packaged
beer. Fusarium graminearum (teleomorph Gibberella zeae),
is the most common Fusarium head blight (FHB) patho-
gen of cereals world wide as well as a well-documented
gushing inducer [6–8]. In addition to F. graminearum,
F. culmorum and F. poae have also been shown to pro-
duce gushing factors in the field during the growing
period of barley as well as during the malting process
[9, 10].

We have shown previously that small fungal proteins
called hydrophobins act as the gushing factors of beer
[11, 12]. Hydrophobins are highly surface active, mod-
erately hydrophobic proteins produced by filamentous
fungi [13–15]. A characteristic feature of these proteins
is their eight conserved cysteine residues forming four
disulphide bridges in the molecule. Hydrophobins have
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25 °C). The mycelium was separated from culture me-
dium by filtration through a GF/B glass fiber filter
(Whatman International Ltd., Maidstone, USA), washed
with sterilized water and freeze-dried.

Electrocompetent Escherichia coli DH5α cells were
used to generate entry and expression clones. LB agar
plates containing 50 μg kanamycin ml–1 or 125 μg hy-
gromycin B ml–1 were used for selective growth of entry
and expression clones, respectively.

The (HFBII) hydrophobin deletion strain of Tricho-
derma reesei VTT D-99676 [21] was used for the expres-
sion of the hydrophobin gene isolated from F. graminea-
rum and F. poae. Positive T. reesei transformants were
selected on agar plates containing per liter 182.2 g sor-
bitol, 20 g glucose, 15 g KH2PO4, 18.6 g Agar Noble, 1 ml
of trace element concentrate, pH 5.5, 2.4 ml of 1 M
MgSO4, 4 ml of 1 M CaCl2, 10 ml of 1 M acetamide and
12.5 ml of 1 M CsCl. Positive transformants were grown
on Trichoderma minimal medium [22] supplemented
with 3% lactose at 28 °C for four to seven days in order
to promote the expression of the inserted Fusarium
hydrophobin gene.

Extraction of genomic DNA
Genomic DNA was extracted from the freeze-dried my-
celia using FastDNA® Spin Kit for Soil (Qbiogene, Carls-
bad, USA) according to the manufacturer’s instructions.
The lysing step was performed using a FastPrep® Cell
Disrupter, model FP120 (Qbiogene) with four cycles of
30 s at a setting of 6.0 m s–1. Between the disruption
cycles the samples were cooled on ice. In addition, ge-
nomic DNA of the strain F. graminearum VTT D-051036
was extracted from freeze-dried mycelium as described
by Raeder and Broda [23].

Generation of profile HMMs
Profile Hidden Markov Models (profile HMMs) are statis-
tical models of multiple sequence alignments [24]. They
capture position-specific information about how con-
served each column of the alignment is, and which resi-
dues are likely in that column. The basic assumption of
the models is that the identity of a particular position is
independent of the identity of all other positions. In this
study profile HMMs were generated using the version
2.3.2 of the HHMER software (http://hmmer.org) for the
hydrophobin classes Ia, Ib and II from the multiple
sequence alignments of their known members gathered
from the Ref. [14]. The classes Ia and Ib represent the
class I hydrophobins of Ascomycetes and Basidiomycetes,
respectively. The Fusarium graminearum genome data-
base of predicted proteins published by the Broad Insti-
tute (http://www.broadinstitute.org) was searched with

the models. The lower the E-value calculated by the
software, the better the sequence matches with the
model. The best matching sequences and the corre-
sponding genes were chosen for further studies.

Isolation of putative hydrophobin genes
from Fusarium
PCR primers with attB sites were designed for the gene
of the best matching hydrophobin sequence found
from the F. graminearum genome database under the
locus tag FG01831.1. The attB-PCR primers were as
follows: 5′-GGG GAC AAG TTT GTA CAA AAA AGC AGG
CTA TCA TGA AGT TCT CAC TCG CCG C-3′ (sense) and
5′-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTA TTA
GTC CTG GAC ACC AGT AG-3′ (antisense). PCR reactions
were set up in a total volume of 50 μl by mixing 300 ng
of target DNA per reaction with 1 μl of DyNAzyme EXT
enzyme (Finnzymes, Espoo, Finland), 5 μl of DyNAzyme
F514 buffer (Finnzymes), 4 μl of dNTPs mix containing
2.5 mM of each dNTP (Sigma-Aldrich, Suffolk, UK), 5 μl
of both oligonucleotide primer solutions (1 μM, Sigma-
Aldrich) and PCR grade water to the final volume. PCR
grade water instead of DNA was used as a negative con-
trol. The PCR program consisted of initial denaturing at
94 °C for 4 min, followed by 25 cycles of denaturing at
94 °C for 30 s, primer annealing at 45 °C, 50 °C, 55 °C
and 60 °C for 30 s, and elongation at 72 °C for 20 s, and
a final extension at 72 °C for 10 min. attB-PCR products
were separated in 1% (w/v) agarose gels and visualized
using UV light. Bands containing the expected size PCR-
fragment were excised from the gel and purified using
the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions.
DNA concentration was measured using the Eppendorf
BioPhotometer (Eppendorf AG, Hamburg, Germany).
Instead of using all four annealing temperatures men-
tioned above, the annealing temperature of 50 °C was
used for screening the presence of the putative hydro-
phobin genes from all fungal strains listed in Table 1.

Cloning and expression of the putative Fusarium
hydrophobin genes in Trichoderma reesei
The putative hydrophobin genes were cloned using the
Gateway® Technology kit (Invitrogen, Carlsbad, CA,
USA). The purified attB-PCR fragments generated with
the attB-PCR primers as described above were ligated
into the pDONR221 vector (Invitrogen) with a BP re-
combination reaction and transformed into the electro-
competent E. coli DH5α cells according to the manufac-
turer’s instructions in order to generate entry clones.
Positive transformants were selected using LB agar
plates containing kanamycin. Entry clones were puri-
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Figure 1. Gushing of beer induced by the hydrophobin GzHYD5.
50 μg of purified GzHYD5 was added directly in bottled beer and
the bottle was agitated according to the laboratory gushing test [29,
30] prior opening.

diverse roles in fungal growth and development [15,
16]. They act as structural components and in interac-
tions between fungi and their environments. Hydro-
phobins can be found in the structural parts of fungi or
they can be secreted to the culture medium. Based on
sequence comparison, hydrophobins are divided into
two different classes, I and II [17]. Class II hydrophobins
have been observed thus far only in Ascomycetes,
whereas class I hydrophobins have been observed in
both Ascomycetes and Basidiomycetes [14]. Thus, the
class I hydrophobins can further be divided into two
sub-groups Ia and Ib, which represent the class I hy-
drophobins of Ascomycetes and Basidiomycetes, respec-
tively.

In the GenBank sequence database (www.ncbi.nlm.
nih.gov) about 140 hydrophobins can be found, all from
filamentous fungi. Fuchs et al. [18] identified five hy-
drophobin genes encoding both class I and II hydro-
phobins in F. verticillioides. In addition, two hydrophobin
genes of F. culmorum have been identified and expressed
in Saccharomyces cerevisiae [19] and in Pichia pastoris [20].

The aim of our work was to isolate and characterize
hydrophobins from a gushing-active fungus Fusarium
graminearum and related species. Detailed physico-
chemical study of relevant hydrophobins has previously
been hindered by the difficulties of producing and puri-
fying well-characterized hydrophobins in sufficient

amounts. To overcome this problem, we have used re-
combinant production of two relevant hydrophobins.
Unlike most other attempts to produce hydrophobins
we have used a filamentous fungus as the production
host. The advantage of this approach is that the secre-
tion pathway of this host is very similar to that of the
original organism. Therefore, we could expect that
production levels would be higher and that the mature
proteins would be similar in structure (folding – disul-
fide formation, post-translational modifications) to the
wild-type. The use of highly purified protein also allows
a quantitative analysis.

Materials and methods

Microbial strains, media and culture conditions
Fungal strains used in this study were obtained from
the VTT Culture Collection and are listed in Table 1.
The Fusarium graminearum (teleomorph Gibberella zeae)
strain VTT D-051036 (NRRL 31084) used for isolation of
the putative hydrophobin genes in this study was the
same strain whose genome has been sequenced and
published by the Broad Institute (http://www.broad.
mit.edu). Potato Dextrose Agar (Difco Laboratories,
Detroit, USA) was used for maintenance of the strains.
For mycelium production, the strains were cultivated in
a shake flask containing Potato Dextrose Broth (Difco
Laboratories) for four days at room temperature (approx.

Table 1. Fungal strains used for screening the presence of the
putative hydrophobin genes in their genomes.

Species Strain Origin

Fusarium culmorum VTT D-80148 Barley, Finland
F. graminearum VTT D-82082 Barley
F. graminearum VTT D-82086 Barley
F. graminearum VTT D-82169 Barley
F. graminearum VTT D-95472 Corn, USA
F. graminearum VTT D-051036 Wheat or barley, USA
F. poae VTT D-76038 Barley
F. poae VTT D-82182 Oat, Germany
F. sporotrichioides VTT D-72014 Grain
F. avenaceum VTT D-80141 Barley, Finland
F. oxysporum VTT D-80134 Grain
F. oxysporum VTT D-98690 Bulb of Tulipa sp.,

Germany
F. sambucinum VTT D-77056 Grain
F. solani VTT D-77057 Grain
F. equiseti VTT D-82087 Rotting fruit of Cucu-

mis melo, Turkey
F. tricinctum VTT D-96600 Barley, Finland
Cochliobolus sativus VTT D-76039 Barley, Finland
Alternaria alternata VTT D-76024 Barley
Aspergilluis ochraceus VTT D-00808 Barley, Finland
Penicillium chrysogenum VTT D-96661 Moldy house, Finland
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25 °C). The mycelium was separated from culture me-
dium by filtration through a GF/B glass fiber filter
(Whatman International Ltd., Maidstone, USA), washed
with sterilized water and freeze-dried.

Electrocompetent Escherichia coli DH5α cells were
used to generate entry and expression clones. LB agar
plates containing 50 μg kanamycin ml–1 or 125 μg hy-
gromycin B ml–1 were used for selective growth of entry
and expression clones, respectively.

The (HFBII) hydrophobin deletion strain of Tricho-
derma reesei VTT D-99676 [21] was used for the expres-
sion of the hydrophobin gene isolated from F. graminea-
rum and F. poae. Positive T. reesei transformants were
selected on agar plates containing per liter 182.2 g sor-
bitol, 20 g glucose, 15 g KH2PO4, 18.6 g Agar Noble, 1 ml
of trace element concentrate, pH 5.5, 2.4 ml of 1 M
MgSO4, 4 ml of 1 M CaCl2, 10 ml of 1 M acetamide and
12.5 ml of 1 M CsCl. Positive transformants were grown
on Trichoderma minimal medium [22] supplemented
with 3% lactose at 28 °C for four to seven days in order
to promote the expression of the inserted Fusarium
hydrophobin gene.

Extraction of genomic DNA
Genomic DNA was extracted from the freeze-dried my-
celia using FastDNA® Spin Kit for Soil (Qbiogene, Carls-
bad, USA) according to the manufacturer’s instructions.
The lysing step was performed using a FastPrep® Cell
Disrupter, model FP120 (Qbiogene) with four cycles of
30 s at a setting of 6.0 m s–1. Between the disruption
cycles the samples were cooled on ice. In addition, ge-
nomic DNA of the strain F. graminearum VTT D-051036
was extracted from freeze-dried mycelium as described
by Raeder and Broda [23].

Generation of profile HMMs
Profile Hidden Markov Models (profile HMMs) are statis-
tical models of multiple sequence alignments [24]. They
capture position-specific information about how con-
served each column of the alignment is, and which resi-
dues are likely in that column. The basic assumption of
the models is that the identity of a particular position is
independent of the identity of all other positions. In this
study profile HMMs were generated using the version
2.3.2 of the HHMER software (http://hmmer.org) for the
hydrophobin classes Ia, Ib and II from the multiple
sequence alignments of their known members gathered
from the Ref. [14]. The classes Ia and Ib represent the
class I hydrophobins of Ascomycetes and Basidiomycetes,
respectively. The Fusarium graminearum genome data-
base of predicted proteins published by the Broad Insti-
tute (http://www.broadinstitute.org) was searched with

the models. The lower the E-value calculated by the
software, the better the sequence matches with the
model. The best matching sequences and the corre-
sponding genes were chosen for further studies.

Isolation of putative hydrophobin genes
from Fusarium
PCR primers with attB sites were designed for the gene
of the best matching hydrophobin sequence found
from the F. graminearum genome database under the
locus tag FG01831.1. The attB-PCR primers were as
follows: 5′-GGG GAC AAG TTT GTA CAA AAA AGC AGG
CTA TCA TGA AGT TCT CAC TCG CCG C-3′ (sense) and
5′-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTA TTA
GTC CTG GAC ACC AGT AG-3′ (antisense). PCR reactions
were set up in a total volume of 50 μl by mixing 300 ng
of target DNA per reaction with 1 μl of DyNAzyme EXT
enzyme (Finnzymes, Espoo, Finland), 5 μl of DyNAzyme
F514 buffer (Finnzymes), 4 μl of dNTPs mix containing
2.5 mM of each dNTP (Sigma-Aldrich, Suffolk, UK), 5 μl
of both oligonucleotide primer solutions (1 μM, Sigma-
Aldrich) and PCR grade water to the final volume. PCR
grade water instead of DNA was used as a negative con-
trol. The PCR program consisted of initial denaturing at
94 °C for 4 min, followed by 25 cycles of denaturing at
94 °C for 30 s, primer annealing at 45 °C, 50 °C, 55 °C
and 60 °C for 30 s, and elongation at 72 °C for 20 s, and
a final extension at 72 °C for 10 min. attB-PCR products
were separated in 1% (w/v) agarose gels and visualized
using UV light. Bands containing the expected size PCR-
fragment were excised from the gel and purified using
the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions.
DNA concentration was measured using the Eppendorf
BioPhotometer (Eppendorf AG, Hamburg, Germany).
Instead of using all four annealing temperatures men-
tioned above, the annealing temperature of 50 °C was
used for screening the presence of the putative hydro-
phobin genes from all fungal strains listed in Table 1.

Cloning and expression of the putative Fusarium
hydrophobin genes in Trichoderma reesei
The putative hydrophobin genes were cloned using the
Gateway® Technology kit (Invitrogen, Carlsbad, CA,
USA). The purified attB-PCR fragments generated with
the attB-PCR primers as described above were ligated
into the pDONR221 vector (Invitrogen) with a BP re-
combination reaction and transformed into the electro-
competent E. coli DH5α cells according to the manufac-
turer’s instructions in order to generate entry clones.
Positive transformants were selected using LB agar
plates containing kanamycin. Entry clones were puri-
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Figure 1. Gushing of beer induced by the hydrophobin GzHYD5.
50 μg of purified GzHYD5 was added directly in bottled beer and
the bottle was agitated according to the laboratory gushing test [29,
30] prior opening.

diverse roles in fungal growth and development [15,
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phobins can be found in the structural parts of fungi or
they can be secreted to the culture medium. Based on
sequence comparison, hydrophobins are divided into
two different classes, I and II [17]. Class II hydrophobins
have been observed thus far only in Ascomycetes,
whereas class I hydrophobins have been observed in
both Ascomycetes and Basidiomycetes [14]. Thus, the
class I hydrophobins can further be divided into two
sub-groups Ia and Ib, which represent the class I hy-
drophobins of Ascomycetes and Basidiomycetes, respec-
tively.

In the GenBank sequence database (www.ncbi.nlm.
nih.gov) about 140 hydrophobins can be found, all from
filamentous fungi. Fuchs et al. [18] identified five hy-
drophobin genes encoding both class I and II hydro-
phobins in F. verticillioides. In addition, two hydrophobin
genes of F. culmorum have been identified and expressed
in Saccharomyces cerevisiae [19] and in Pichia pastoris [20].

The aim of our work was to isolate and characterize
hydrophobins from a gushing-active fungus Fusarium
graminearum and related species. Detailed physico-
chemical study of relevant hydrophobins has previously
been hindered by the difficulties of producing and puri-
fying well-characterized hydrophobins in sufficient

amounts. To overcome this problem, we have used re-
combinant production of two relevant hydrophobins.
Unlike most other attempts to produce hydrophobins
we have used a filamentous fungus as the production
host. The advantage of this approach is that the secre-
tion pathway of this host is very similar to that of the
original organism. Therefore, we could expect that
production levels would be higher and that the mature
proteins would be similar in structure (folding – disul-
fide formation, post-translational modifications) to the
wild-type. The use of highly purified protein also allows
a quantitative analysis.

Materials and methods

Microbial strains, media and culture conditions
Fungal strains used in this study were obtained from
the VTT Culture Collection and are listed in Table 1.
The Fusarium graminearum (teleomorph Gibberella zeae)
strain VTT D-051036 (NRRL 31084) used for isolation of
the putative hydrophobin genes in this study was the
same strain whose genome has been sequenced and
published by the Broad Institute (http://www.broad.
mit.edu). Potato Dextrose Agar (Difco Laboratories,
Detroit, USA) was used for maintenance of the strains.
For mycelium production, the strains were cultivated in
a shake flask containing Potato Dextrose Broth (Difco
Laboratories) for four days at room temperature (approx.

Table 1. Fungal strains used for screening the presence of the
putative hydrophobin genes in their genomes.
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F. oxysporum VTT D-98690 Bulb of Tulipa sp.,
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F. solani VTT D-77057 Grain
F. equiseti VTT D-82087 Rotting fruit of Cucu-

mis melo, Turkey
F. tricinctum VTT D-96600 Barley, Finland
Cochliobolus sativus VTT D-76039 Barley, Finland
Alternaria alternata VTT D-76024 Barley
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night at 37 °C, as described by Selinheimo et al. [25].
Separation of tryptic peptides was performed by re-
versed-phase chromatography. For amino acid analysis,
protein samples were hydrolysed in 2 ml of 6 M HCl/
0.1% phenol at 110 °C for 24 h prior to analysis with the
Biochrom model 20 analyser. Cys, Pro and Trp residues
could not be accurately quantitated by this method.

Determination of gushing-inducing ability
of hydrophobins
The gushing-inducing ability of hydrophobins was stud-
ied by adding 1, 10 and 50 μg of the RP-HPLC purified
hydrophobins directly into bottled beer or carbonated
mineral water (0.33 l, CO2 content of mineral water
0.6% (w/w)). The bottles were agitated gently in a hori-
zontally rotating shaker (50 rpm) for three days as de-
scribed in the procedure of a gushing test commonly
used for prediction of gushing potential of malt [29, 30].
After agitation, 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.

Results

Putative hydrophobin genes
of Fusarium graminearum
Statistical profile hidden Markov models (profile HMMs)
were generated for the hydrophobin classes Ia, Ib and II
from the multiple sequence alignments of their known
members [14]. The Fusarium graminearum genome data-

base of predicted proteins (http://www.broadinstitute.
org) was searched using the generated profile HMMs
of the hydrophobin classes. This revealed five un-
characterized genes showing similarity with known
hydrophobin sequences. Four of them, the locus tags
FG01763.1, FG01764.1, FG03960.1 and FG09066.1, were
classified as genes encoding class I hydrophobins and
one, the locus tag FG01831.1, as a gene encoding a class
II hydrophobin. The most significant hits were
FG01831.1 with the model of class II (E-value 4.5e-41),
FG03960.1 with the model of class Ib (E-value 1.7e-07)
and FG09066.1 with the model of class Ia (E-value
0.0079). The gene FG03960.1 was also found with the
model of class Ia (E-value 0.043). Analysis of the de-
duced protein sequences encoded by the putative hy-
drophobin genes with the program SignalP [31] indi-
cated that all the proteins have a signal sequence, and
thus are predicted to be secreted.

The gene FG01831 was chosen for further studies.
Amplification of the gene FG01831 from genomic
F. graminearum D-051036 DNA by PCR with the attB
primers as described above revealed an amplicon of
about 500 bp. The size of the amplicon was consistent
with an approximate gene size of 392 bp plus 62 bp
added by the FG01831 attB-PCR primers. The purified
amplicon was ligated and transformed into E. coli DH5α
cells, as described above. The sequencing of the both
strands revealed a hydrophobin gene with an expected
DNA sequence, referred to as Gibberella zeae hyd5 gene
with an EMBL accession number FN668637. The de-
duced amino acid sequence of the corresponding pro-
tein, GzHYD5, is given in Fig. 2.

↓

Seq. 1 MKFSLAAVALLGAVVSALPANEKRQAYIPCSGLYGTSQCCATDVLGVADL 50

Seq. 2 MKFSLAAVALLGAVVSALPANEKRQAYIPCSGLYGTSQCCATDVLGVADL 50

Seq. 3 MKFSLAAVTLLGAVVSALPANEKRQAYVPCTGLYGSSQCCATDVLGVANL 50

********:******************:**:****:************:*

Seq. 1 DCGNPPSSPTDADNFSAVCAEIGQRARCCVLPILDQGILCNTPTGVQD 98

Seq. 2 DCGNPPSSPTDADNFSAVCAEIGQRARCCVLPILDQGILCNTPTGVQD 98

Seq. 3 DCGTPPSVPANATDFSAVCAEIGQRARCCVLPILDQGILCNTPTGVQD 98

***.*** *::* :**********************************

Figure 2. Comparison of predicted protein sequences of F. graminearum (GzHYD5, seq. 1), F. culmorum (seq. 2) and F. poae (FpHYD5,
seq. 3) corresponding to the hypothetical protein coded by the gene with the locus tag FG01831.1 in the Fusarium graminearum genome
database of predicted proteins. Signal peptides predicted using the program SignalP are marked in bold. The signal peptide cleavage site
determined in GzHYD5 and FpHYD5 is indicated by the arrow.
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fied with the QIAprep Spin Miniprep Kit using a micro-
centrifuge (Qiagen) according to the manufacturer’s
instructions. Restriction of entry clones with suitable
restriction enzymes was performed to check the size of
the inserts. Both strands of the entry clones containing
inserts of the right size were sequenced independently
to verify correct insertion.

An entry clone with the correct insert was used to
create an expression clone by ligating the insert into
the T. reesei expression vector pMS186 [25] with a LR
recombination reaction. The pMS186 contains the
Gateway reading frame cassette C inserted between the
cbh1 (cellobiohydrolase 1) promoter and terminator of
T. reesei, and a hygromycin resistance cassette. The cre-
ated expression vector was transformed into the elec-
trocompetent E. coli DH5α cells, and positive transfor-
mants were selected using the LB agar plates containing
hygromycin B. Generated expression clones were puri-
fied and verified by sequencing the both strands. The
expression cassette was released from the vector with
NotI restriction enzyme (New England Biolabs, Ipswich,
MA, USA) and purified from a 1% (w/v) agarose gel us-
ing the QIAquick Gel Extraction Kit (Qiagen) according
to the manufacturer’s instructions.

The expression cassette was transformed together
with the plasmid pToC202 containing an acetamide
selection marker into the protoplasts of the hydropho-
bin deletion strain of T. reesei VTT D-99676 [21], essen-
tially as described by Penttilä et al. [22]. Transformants
were selected for acetamide resistance on plates con-
taining 10 mM acetamide. The transformants were
streaked on the selective medium for two successive
rounds and isolated by single-spore cultures. The pres-
ence of the expression cassette in the genome was
checked by PCR using the attB-PCR primers, as de-
scribed above. Positive transformants were grown in
shake flasks containing Trichoderma minimal medium
[22] supplemented with 3% lactose at 28 °C for four to
seven days in order to promote the expression of the
insert.

Purification of expressed hydrophobins
Putative hydrophobins were isolated from the culture
filtrates of the positive transformants grown in 50 ml
of Trichoderma minimal medium [22] supplemented
with 3% lactose by bubbling air through culture fil-
trates and then collecting the foam produced [26].
Aqueous two-phase extraction using Berol 532 surfac-
tant (Akzo Nobel Surface Chemistry AB, Stenungsund,
Sweden) was used for hydrophobin isolation from cul-
ture filtrates (500–1000 ml) at large scale, as described
by Linder et al. [27]. Purification of hydrophobins from

the fungal mycelium was also attempted. For this, my-
celium was mixed with 4 M guanidine hydrochloride in
0.2 M Tris/HCl at pH 7.5 for 2 h, and then centrifuged.
The supernatant was diluted with an equal volume of
water before extraction with surfactant (Berol 532). The
surfactant extraction was performed as for the culture
filtrates. The samples from the foam and from the sur-
factant extraction were analyzed by SDS-PAGE and by
reversed phase high performance liquid chromatogra-
phy (RP-HPLC). RP-HPLC was performed using a Vydac
C4 column (Vydac, Hesperia, CA, USA) with an ÄK-
TAexplorer chromatographic system (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden). Elution was per-
formed with a 0–100% gradient of acetonitrile in 0.1%
trifluoroacetic acid. Detection was by UV at 215, 280
and 375 nm. Fractions eluted with 35–50% acetonitrile
were collected.

Protein analytical methods
Samples were analyzed by SDS-PAGE under reducing
conditions on 17.5% gels [28] using the 2050 Midget
Electrophoresis System (Pharmacia LKB Biotechnology,
Sweden), followed by visualization of the proteins by
silver staining (Silver Stain Kit, Bio-Rad Laboratories,
Hercules, USA). Protein concentration was determined
using the BCA Protein Assay Reagent Kit (Pierce, Rock-
ford, USA) or by HPLC using a standard which had a
concentration known by amino acid analysis. Putative
hydrophobins were characterized by N-terminal protein
sequencing and mass spectrometry (performed at the
Protein Chemistry Laboratory, Institute of Biotechnol-
ogy, University of Helsinki, Finland) and by amino acid
analysis (performed at the Department of Biochemistry
and Organic Chemistry of Uppsala University, Sweden).
N-terminal protein and peptide sequencing was per-
formed by degradative Edman chemistry using a Pro-
cise 494A Sequencer (Perkin Elmer, Applied Biosystem
Division, Foster City, CA, USA). Protein and peptide
molecular masses were determined with Autoflex™
or Ultraflex™ MALDI-TOF/TOF mass spectrometers
(Bruker-Daltonics, Bremen, Germany) in the positive
ion reflector mode. The samples were dried on the tar-
get plate together with an equal volume of matrix solu-
tion (saturated α-cyano-4-hydroxycinnamic acid in 0.1%
trifluoroacetic acid/acetonitrile (1:1, v/v). The MALDI-
TOF spectra were externally calibrated with standard
protein or peptide mixtures from Bruker-Daltonics
(Bremen, Germany). For structural characterisation,
proteins were alkylated with 4-vinylpyridine, desalted
by reversed-phase chromatography and subjected to
enzymatic digestion with trypsin (1% w/w, Sequencing
Grade Modified Trypsin, V5111; Promega, USA) over-
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night at 37 °C, as described by Selinheimo et al. [25].
Separation of tryptic peptides was performed by re-
versed-phase chromatography. For amino acid analysis,
protein samples were hydrolysed in 2 ml of 6 M HCl/
0.1% phenol at 110 °C for 24 h prior to analysis with the
Biochrom model 20 analyser. Cys, Pro and Trp residues
could not be accurately quantitated by this method.

Determination of gushing-inducing ability
of hydrophobins
The gushing-inducing ability of hydrophobins was stud-
ied by adding 1, 10 and 50 μg of the RP-HPLC purified
hydrophobins directly into bottled beer or carbonated
mineral water (0.33 l, CO2 content of mineral water
0.6% (w/w)). The bottles were agitated gently in a hori-
zontally rotating shaker (50 rpm) for three days as de-
scribed in the procedure of a gushing test commonly
used for prediction of gushing potential of malt [29, 30].
After agitation, 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.

Results

Putative hydrophobin genes
of Fusarium graminearum
Statistical profile hidden Markov models (profile HMMs)
were generated for the hydrophobin classes Ia, Ib and II
from the multiple sequence alignments of their known
members [14]. The Fusarium graminearum genome data-

base of predicted proteins (http://www.broadinstitute.
org) was searched using the generated profile HMMs
of the hydrophobin classes. This revealed five un-
characterized genes showing similarity with known
hydrophobin sequences. Four of them, the locus tags
FG01763.1, FG01764.1, FG03960.1 and FG09066.1, were
classified as genes encoding class I hydrophobins and
one, the locus tag FG01831.1, as a gene encoding a class
II hydrophobin. The most significant hits were
FG01831.1 with the model of class II (E-value 4.5e-41),
FG03960.1 with the model of class Ib (E-value 1.7e-07)
and FG09066.1 with the model of class Ia (E-value
0.0079). The gene FG03960.1 was also found with the
model of class Ia (E-value 0.043). Analysis of the de-
duced protein sequences encoded by the putative hy-
drophobin genes with the program SignalP [31] indi-
cated that all the proteins have a signal sequence, and
thus are predicted to be secreted.

The gene FG01831 was chosen for further studies.
Amplification of the gene FG01831 from genomic
F. graminearum D-051036 DNA by PCR with the attB
primers as described above revealed an amplicon of
about 500 bp. The size of the amplicon was consistent
with an approximate gene size of 392 bp plus 62 bp
added by the FG01831 attB-PCR primers. The purified
amplicon was ligated and transformed into E. coli DH5α
cells, as described above. The sequencing of the both
strands revealed a hydrophobin gene with an expected
DNA sequence, referred to as Gibberella zeae hyd5 gene
with an EMBL accession number FN668637. The de-
duced amino acid sequence of the corresponding pro-
tein, GzHYD5, is given in Fig. 2.

↓

Seq. 1 MKFSLAAVALLGAVVSALPANEKRQAYIPCSGLYGTSQCCATDVLGVADL 50

Seq. 2 MKFSLAAVALLGAVVSALPANEKRQAYIPCSGLYGTSQCCATDVLGVADL 50

Seq. 3 MKFSLAAVTLLGAVVSALPANEKRQAYVPCTGLYGSSQCCATDVLGVANL 50

********:******************:**:****:************:*

Seq. 1 DCGNPPSSPTDADNFSAVCAEIGQRARCCVLPILDQGILCNTPTGVQD 98

Seq. 2 DCGNPPSSPTDADNFSAVCAEIGQRARCCVLPILDQGILCNTPTGVQD 98

Seq. 3 DCGTPPSVPANATDFSAVCAEIGQRARCCVLPILDQGILCNTPTGVQD 98

***.*** *::* :**********************************

Figure 2. Comparison of predicted protein sequences of F. graminearum (GzHYD5, seq. 1), F. culmorum (seq. 2) and F. poae (FpHYD5,
seq. 3) corresponding to the hypothetical protein coded by the gene with the locus tag FG01831.1 in the Fusarium graminearum genome
database of predicted proteins. Signal peptides predicted using the program SignalP are marked in bold. The signal peptide cleavage site
determined in GzHYD5 and FpHYD5 is indicated by the arrow.
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fied with the QIAprep Spin Miniprep Kit using a micro-
centrifuge (Qiagen) according to the manufacturer’s
instructions. Restriction of entry clones with suitable
restriction enzymes was performed to check the size of
the inserts. Both strands of the entry clones containing
inserts of the right size were sequenced independently
to verify correct insertion.

An entry clone with the correct insert was used to
create an expression clone by ligating the insert into
the T. reesei expression vector pMS186 [25] with a LR
recombination reaction. The pMS186 contains the
Gateway reading frame cassette C inserted between the
cbh1 (cellobiohydrolase 1) promoter and terminator of
T. reesei, and a hygromycin resistance cassette. The cre-
ated expression vector was transformed into the elec-
trocompetent E. coli DH5α cells, and positive transfor-
mants were selected using the LB agar plates containing
hygromycin B. Generated expression clones were puri-
fied and verified by sequencing the both strands. The
expression cassette was released from the vector with
NotI restriction enzyme (New England Biolabs, Ipswich,
MA, USA) and purified from a 1% (w/v) agarose gel us-
ing the QIAquick Gel Extraction Kit (Qiagen) according
to the manufacturer’s instructions.

The expression cassette was transformed together
with the plasmid pToC202 containing an acetamide
selection marker into the protoplasts of the hydropho-
bin deletion strain of T. reesei VTT D-99676 [21], essen-
tially as described by Penttilä et al. [22]. Transformants
were selected for acetamide resistance on plates con-
taining 10 mM acetamide. The transformants were
streaked on the selective medium for two successive
rounds and isolated by single-spore cultures. The pres-
ence of the expression cassette in the genome was
checked by PCR using the attB-PCR primers, as de-
scribed above. Positive transformants were grown in
shake flasks containing Trichoderma minimal medium
[22] supplemented with 3% lactose at 28 °C for four to
seven days in order to promote the expression of the
insert.

Purification of expressed hydrophobins
Putative hydrophobins were isolated from the culture
filtrates of the positive transformants grown in 50 ml
of Trichoderma minimal medium [22] supplemented
with 3% lactose by bubbling air through culture fil-
trates and then collecting the foam produced [26].
Aqueous two-phase extraction using Berol 532 surfac-
tant (Akzo Nobel Surface Chemistry AB, Stenungsund,
Sweden) was used for hydrophobin isolation from cul-
ture filtrates (500–1000 ml) at large scale, as described
by Linder et al. [27]. Purification of hydrophobins from

the fungal mycelium was also attempted. For this, my-
celium was mixed with 4 M guanidine hydrochloride in
0.2 M Tris/HCl at pH 7.5 for 2 h, and then centrifuged.
The supernatant was diluted with an equal volume of
water before extraction with surfactant (Berol 532). The
surfactant extraction was performed as for the culture
filtrates. The samples from the foam and from the sur-
factant extraction were analyzed by SDS-PAGE and by
reversed phase high performance liquid chromatogra-
phy (RP-HPLC). RP-HPLC was performed using a Vydac
C4 column (Vydac, Hesperia, CA, USA) with an ÄK-
TAexplorer chromatographic system (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden). Elution was per-
formed with a 0–100% gradient of acetonitrile in 0.1%
trifluoroacetic acid. Detection was by UV at 215, 280
and 375 nm. Fractions eluted with 35–50% acetonitrile
were collected.

Protein analytical methods
Samples were analyzed by SDS-PAGE under reducing
conditions on 17.5% gels [28] using the 2050 Midget
Electrophoresis System (Pharmacia LKB Biotechnology,
Sweden), followed by visualization of the proteins by
silver staining (Silver Stain Kit, Bio-Rad Laboratories,
Hercules, USA). Protein concentration was determined
using the BCA Protein Assay Reagent Kit (Pierce, Rock-
ford, USA) or by HPLC using a standard which had a
concentration known by amino acid analysis. Putative
hydrophobins were characterized by N-terminal protein
sequencing and mass spectrometry (performed at the
Protein Chemistry Laboratory, Institute of Biotechnol-
ogy, University of Helsinki, Finland) and by amino acid
analysis (performed at the Department of Biochemistry
and Organic Chemistry of Uppsala University, Sweden).
N-terminal protein and peptide sequencing was per-
formed by degradative Edman chemistry using a Pro-
cise 494A Sequencer (Perkin Elmer, Applied Biosystem
Division, Foster City, CA, USA). Protein and peptide
molecular masses were determined with Autoflex™
or Ultraflex™ MALDI-TOF/TOF mass spectrometers
(Bruker-Daltonics, Bremen, Germany) in the positive
ion reflector mode. The samples were dried on the tar-
get plate together with an equal volume of matrix solu-
tion (saturated α-cyano-4-hydroxycinnamic acid in 0.1%
trifluoroacetic acid/acetonitrile (1:1, v/v). The MALDI-
TOF spectra were externally calibrated with standard
protein or peptide mixtures from Bruker-Daltonics
(Bremen, Germany). For structural characterisation,
proteins were alkylated with 4-vinylpyridine, desalted
by reversed-phase chromatography and subjected to
enzymatic digestion with trypsin (1% w/w, Sequencing
Grade Modified Trypsin, V5111; Promega, USA) over-
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the F. poae hyd5 culture supernatant showed one peak
that eluted at 40.5% acetonitrile. As described below
they were identified to be the expected hydrophobins
and named GzHYD5 and FpHYD5 for the G. zeae hyd5
and F. poae hyd5 transformants, respectively.

The yields of the hydrophobins were as follows. We
purified 1 mg of GzHYD5 from one liter of culture su-
pernatant. No GzHYD5 protein was found associated
with the mycelium (data not shown). The yield of
FpHYD5 was 18 mg from one liter of supernatant.
About 1.5 mg of FpHYD5 was also extracted from
20 grams of mycelium, which corresponds to the
amount produced in one liter cultivation.

Detailed characterization of GzHYD5
MALDI-TOF MS of the RP-HPLC purified putative
GzHYD5 hydrophobin protein fraction gave a signal
corresponding to an average molecular mass of 7 571
Da. The theoretical average molecular mass of GzHYD5
calculated from the encoded amino acid sequence (in-
cluding the signal sequence) is 10033.5 Da. N-terminal
sequence analysis of the purified protein (100 pmol)
did not result in any PTH-amino acid signals from the
10 cycles of Edman degradation performed, indicating
that the protein has a blocked N-terminus. Cleavage of
the signal sequence is predicted to occur between Arg-
24 and Gln-25 residues. The sequencing result obtained
thus suggests that the newly exposed N-terminal
Gln is cyclized to a pyroglutamic acid. Cyclization of
N-terminal Gln residues after signal sequence cleavage
is frequently observed in fungal proteins [25]. The cal-
culated average mass of the mature protein with the
signal sequence cleaved between residues Arg-24 and
Gln-25 and with a pyroglutamic acid at the N-terminus
is 7577.5 Da. If the mature protein contains 4 disulfide
bridges between its 8 Cys residues the calculated aver-
age mass will be 7569.5 Da, which is in good agreement
with the obtained mass of 7571 Da.

For further characterization of the putative GzHYD5
protein, the sample was reduced and alkylated with
4-vinylpyridine. During these reactions the possible
disulfide bonds of the protein are reduced and 4-vinyl-
pyridine molecules react with the –SH groups of the
Cys residues generating an additional mass of 105.1 Da
per Cys residue. The molecular mass of the alkylated
RP-HPLC purified protein analyzed by MALDI-TOF MS
was 8422 Da (Δm = 851 Da) indicating the presence of
eight Cys residues in the protein as expected for a hy-
drophobin.

For further characterization, the alkylated GzHYD5
was fragmented by trypsin which was expected to re-
sult in three tryptic peptides with monoisotopic masses

of 5687.550 Da, 245.129 Da and 2516.226 Da based on
the primary sequence. MALDI-TOF MS analysis showed
two peptides of mass 5683 Da and 2517 Da. For se-
quence analysis the peptides were separated by re-
versed phase chromatography. For the 5683 Da peptide
no sequence was obtained. This peptide corresponds to
the N-terminus of the protein and the result was in line
with the previous result that the N-terminal amino acid
of the protein is a pyroglutamic acid. The mass of the
2517 Da peptide corresponds to the C-terminal tryptic
peptide of GzHYD5. The identity of this peptide was
further confirmed by N-terminal sequencing which
gave the sequence CCVLPILDQGILC. The 245 Da peptide
(AR) was too small to be recovered by reversed phase
chromatography for sequencing.

Finally the putative GzHYD5 protein was subjected to
amino acid analysis. The results are presented in Ta-
ble 2 and corresponded to the expected composition. In
summary, the molecular mass, tryptic digestion, num-
ber of Cys-residues, internal sequencing, and amino
acid composition confirm that the purified protein was
the correct GzHYD5 protein.

Detailed characterization of FpHYD5
The calculated average molecular mass for FpHYD5
based on the amino acid sequence is 10003.6 Da includ-
ing the signal peptide. The signal sequence is predicted
to be cleaved between residues Arg-24 and Gln-25
analogously as was seen for GzHYD5. The calculated

Table 2. The calculated and the measured amino acid content
of GzHYD5 and FpHYD5.

GzHYD5 FpHYD5

Mole of residues per
mole of protein

Mole of residues per
mole of protein

Amino acid

calculated measured calculated measured

N + D 10 9.8 8 7.9
T 5 5.0 6 6.0
S 5 5.1 4 4.2
Q + E 6 6.3 6 6.3
P 6 7.4 6 7.2
G 7 7.2 7 7.2
A 7 7.1 8 8.1
C 8 NA 8 NA
V 5 4.8 7 6.7
M 0 0.0 0 0.0
I 4 3.6 3 2.7
L 6 5.9 6 5.9
Y 2 2.0 2 1.9
F 1 1.0 1 1.0
H 0 0.0 0 0.0
K 0 0.1 0 0.1
R 2 2.0 2 2.0

NA: not analysed
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PCR using the FG01831 attB-PCR primers was used to
screen the Fusarium strains listed in Table 1 for the
presence of a G. zeae hyd5 homolog in their genomes.
The results obtained suggested that all five isolates of
F. graminearum had the gene (data not shown). More-
over, an amplicon was also produced with the strains of
F. culmorum, F. equiseti, F. poae and F. sporotrichioides (data
not shown). The amplicons produced from F. culmorum
(VTT D-80148) and F. poae (VTT D-82182) DNA were
purified, ligated into the pDONR221 vector, cloned in
E. coli DH5α cells and sequenced, as described above.
The DNA sequences obtained revealed that the G. zeae
hyd5 gene shared 96% and 88% identity with the corre-
sponding genes of F. culmorum and F. poae, respectively
(introns excluded). Comparison of translated amino
acid sequences without predicted signal peptides indi-
cated 100% and 88% identity between GzHYD5 and the
corresponding proteins of F. culmorum and F. poae, re-
spectively (Fig. 2). The G. zeae hyd5 homolog in F. poae is
referred to as Fusarium poae hyd5 gene with an EMBL
accession number FN669508. The G. zeae hyd5 and the
F. poae hyd5 were chosen for the expression studies in
T. reesei.

Expression of G. zeae hyd5 and F. poae hyd5 genes
in Trichoderma reesei
The G. zeae hyd5 insert as well as the F. poae hyd5 insert
from the pDONR221 vectors were transferred to the
T. reesei expression vector pMS186, as described above,
in order to create an expression construct in which the
protein-coding region of the genomic G. zeae hyd5 or the
genomic F. poae hyd5 was between the T. reesei cbh1
promoter and terminator. The cbh1 promoter is a
strong inducible promoter and active throughout the
cultivation when the fungus is grown in inducing con-
ditions, e.g. with cellulose and lactose. The expression
constructs were transformed into a strain of T. reesei
from which the cellulose- and lactose-inducible HFBII
hydrophobin had been deleted, and the transformants
were selected for acetamide resistance on selective
acetamide-containing plates and tested with PCR, as
described above. A number of transformants with a
correct expression cassette were found (data not
shown). The positive transformants were cultivated in
shake flasks containing 50 ml of Trichoderma minimal
medium supplemented with 3% lactose in order to
promote the expression of the heterologous hydropho-
bins. Proteins were isolated as described above. The
SDS-PAGE analysis of the foam samples revealed that
the culture filtrates of some transformants contained
proteins with a molecular mass about 10 kDa as ex-
pected for hydrophobins (data not shown). These trans-

formants were cultivated in shake flasks (500–1000 ml)
and the culture filtrates were subjected to aqueous two-
phase extraction. The extracts were further purified by
RP-HPLC, as described above. To illustrate the use of
two phase extraction, an example of chromatograms
from the different stages of the procedure for one
G. zeae hyd5 transformant is shown in Fig. 3. For F. poae
hyd5 transformants the results were similar although
hydrophobin concentrations were higher. The chroma-
togram peaks that were most efficiently enriched in the
two phase extraction were collected and subjected to
more detailed characterization. The G. zeae hyd5 culture
supernatant showed a peak at 41.8% acetonitrile and

Figure 3. Chromatograms from the aqueous two-phase system
(ATPS) purification of the GzHYD5 protein. The entire chromato-
gram is shown in (a) and in (b) the hydrophobin peak is zoomed,
showing only the part from 16 to 19 ml (as indicated by the lines).
The red curve is the growth medium containing secreted GzHYD5,
the blue curve is the medium after the hydrophobin has been
extracted, and the black curve is the extracted hydrophobin. The
GzHYD5 is seen as an almost undetectably small peak in the red
curve and it becomes noticeable only when compared to the blue
curve where it is removed. The 50× concentrating effect of the
ATPS results in a clearly detectable peak in the black curve. The
content of other peaks in the chromatograms than the GzHYD5 at
17.5 ml was not determined. In all three chromatograms the same
volume was injected.
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the F. poae hyd5 culture supernatant showed one peak
that eluted at 40.5% acetonitrile. As described below
they were identified to be the expected hydrophobins
and named GzHYD5 and FpHYD5 for the G. zeae hyd5
and F. poae hyd5 transformants, respectively.

The yields of the hydrophobins were as follows. We
purified 1 mg of GzHYD5 from one liter of culture su-
pernatant. No GzHYD5 protein was found associated
with the mycelium (data not shown). The yield of
FpHYD5 was 18 mg from one liter of supernatant.
About 1.5 mg of FpHYD5 was also extracted from
20 grams of mycelium, which corresponds to the
amount produced in one liter cultivation.

Detailed characterization of GzHYD5
MALDI-TOF MS of the RP-HPLC purified putative
GzHYD5 hydrophobin protein fraction gave a signal
corresponding to an average molecular mass of 7 571
Da. The theoretical average molecular mass of GzHYD5
calculated from the encoded amino acid sequence (in-
cluding the signal sequence) is 10033.5 Da. N-terminal
sequence analysis of the purified protein (100 pmol)
did not result in any PTH-amino acid signals from the
10 cycles of Edman degradation performed, indicating
that the protein has a blocked N-terminus. Cleavage of
the signal sequence is predicted to occur between Arg-
24 and Gln-25 residues. The sequencing result obtained
thus suggests that the newly exposed N-terminal
Gln is cyclized to a pyroglutamic acid. Cyclization of
N-terminal Gln residues after signal sequence cleavage
is frequently observed in fungal proteins [25]. The cal-
culated average mass of the mature protein with the
signal sequence cleaved between residues Arg-24 and
Gln-25 and with a pyroglutamic acid at the N-terminus
is 7577.5 Da. If the mature protein contains 4 disulfide
bridges between its 8 Cys residues the calculated aver-
age mass will be 7569.5 Da, which is in good agreement
with the obtained mass of 7571 Da.

For further characterization of the putative GzHYD5
protein, the sample was reduced and alkylated with
4-vinylpyridine. During these reactions the possible
disulfide bonds of the protein are reduced and 4-vinyl-
pyridine molecules react with the –SH groups of the
Cys residues generating an additional mass of 105.1 Da
per Cys residue. The molecular mass of the alkylated
RP-HPLC purified protein analyzed by MALDI-TOF MS
was 8422 Da (Δm = 851 Da) indicating the presence of
eight Cys residues in the protein as expected for a hy-
drophobin.

For further characterization, the alkylated GzHYD5
was fragmented by trypsin which was expected to re-
sult in three tryptic peptides with monoisotopic masses

of 5687.550 Da, 245.129 Da and 2516.226 Da based on
the primary sequence. MALDI-TOF MS analysis showed
two peptides of mass 5683 Da and 2517 Da. For se-
quence analysis the peptides were separated by re-
versed phase chromatography. For the 5683 Da peptide
no sequence was obtained. This peptide corresponds to
the N-terminus of the protein and the result was in line
with the previous result that the N-terminal amino acid
of the protein is a pyroglutamic acid. The mass of the
2517 Da peptide corresponds to the C-terminal tryptic
peptide of GzHYD5. The identity of this peptide was
further confirmed by N-terminal sequencing which
gave the sequence CCVLPILDQGILC. The 245 Da peptide
(AR) was too small to be recovered by reversed phase
chromatography for sequencing.

Finally the putative GzHYD5 protein was subjected to
amino acid analysis. The results are presented in Ta-
ble 2 and corresponded to the expected composition. In
summary, the molecular mass, tryptic digestion, num-
ber of Cys-residues, internal sequencing, and amino
acid composition confirm that the purified protein was
the correct GzHYD5 protein.

Detailed characterization of FpHYD5
The calculated average molecular mass for FpHYD5
based on the amino acid sequence is 10003.6 Da includ-
ing the signal peptide. The signal sequence is predicted
to be cleaved between residues Arg-24 and Gln-25
analogously as was seen for GzHYD5. The calculated

Table 2. The calculated and the measured amino acid content
of GzHYD5 and FpHYD5.

GzHYD5 FpHYD5

Mole of residues per
mole of protein

Mole of residues per
mole of protein

Amino acid

calculated measured calculated measured

N + D 10 9.8 8 7.9
T 5 5.0 6 6.0
S 5 5.1 4 4.2
Q + E 6 6.3 6 6.3
P 6 7.4 6 7.2
G 7 7.2 7 7.2
A 7 7.1 8 8.1
C 8 NA 8 NA
V 5 4.8 7 6.7
M 0 0.0 0 0.0
I 4 3.6 3 2.7
L 6 5.9 6 5.9
Y 2 2.0 2 1.9
F 1 1.0 1 1.0
H 0 0.0 0 0.0
K 0 0.1 0 0.1
R 2 2.0 2 2.0

NA: not analysed
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PCR using the FG01831 attB-PCR primers was used to
screen the Fusarium strains listed in Table 1 for the
presence of a G. zeae hyd5 homolog in their genomes.
The results obtained suggested that all five isolates of
F. graminearum had the gene (data not shown). More-
over, an amplicon was also produced with the strains of
F. culmorum, F. equiseti, F. poae and F. sporotrichioides (data
not shown). The amplicons produced from F. culmorum
(VTT D-80148) and F. poae (VTT D-82182) DNA were
purified, ligated into the pDONR221 vector, cloned in
E. coli DH5α cells and sequenced, as described above.
The DNA sequences obtained revealed that the G. zeae
hyd5 gene shared 96% and 88% identity with the corre-
sponding genes of F. culmorum and F. poae, respectively
(introns excluded). Comparison of translated amino
acid sequences without predicted signal peptides indi-
cated 100% and 88% identity between GzHYD5 and the
corresponding proteins of F. culmorum and F. poae, re-
spectively (Fig. 2). The G. zeae hyd5 homolog in F. poae is
referred to as Fusarium poae hyd5 gene with an EMBL
accession number FN669508. The G. zeae hyd5 and the
F. poae hyd5 were chosen for the expression studies in
T. reesei.

Expression of G. zeae hyd5 and F. poae hyd5 genes
in Trichoderma reesei
The G. zeae hyd5 insert as well as the F. poae hyd5 insert
from the pDONR221 vectors were transferred to the
T. reesei expression vector pMS186, as described above,
in order to create an expression construct in which the
protein-coding region of the genomic G. zeae hyd5 or the
genomic F. poae hyd5 was between the T. reesei cbh1
promoter and terminator. The cbh1 promoter is a
strong inducible promoter and active throughout the
cultivation when the fungus is grown in inducing con-
ditions, e.g. with cellulose and lactose. The expression
constructs were transformed into a strain of T. reesei
from which the cellulose- and lactose-inducible HFBII
hydrophobin had been deleted, and the transformants
were selected for acetamide resistance on selective
acetamide-containing plates and tested with PCR, as
described above. A number of transformants with a
correct expression cassette were found (data not
shown). The positive transformants were cultivated in
shake flasks containing 50 ml of Trichoderma minimal
medium supplemented with 3% lactose in order to
promote the expression of the heterologous hydropho-
bins. Proteins were isolated as described above. The
SDS-PAGE analysis of the foam samples revealed that
the culture filtrates of some transformants contained
proteins with a molecular mass about 10 kDa as ex-
pected for hydrophobins (data not shown). These trans-

formants were cultivated in shake flasks (500–1000 ml)
and the culture filtrates were subjected to aqueous two-
phase extraction. The extracts were further purified by
RP-HPLC, as described above. To illustrate the use of
two phase extraction, an example of chromatograms
from the different stages of the procedure for one
G. zeae hyd5 transformant is shown in Fig. 3. For F. poae
hyd5 transformants the results were similar although
hydrophobin concentrations were higher. The chroma-
togram peaks that were most efficiently enriched in the
two phase extraction were collected and subjected to
more detailed characterization. The G. zeae hyd5 culture
supernatant showed a peak at 41.8% acetonitrile and

Figure 3. Chromatograms from the aqueous two-phase system
(ATPS) purification of the GzHYD5 protein. The entire chromato-
gram is shown in (a) and in (b) the hydrophobin peak is zoomed,
showing only the part from 16 to 19 ml (as indicated by the lines).
The red curve is the growth medium containing secreted GzHYD5,
the blue curve is the medium after the hydrophobin has been
extracted, and the black curve is the extracted hydrophobin. The
GzHYD5 is seen as an almost undetectably small peak in the red
curve and it becomes noticeable only when compared to the blue
curve where it is removed. The 50× concentrating effect of the
ATPS results in a clearly detectable peak in the black curve. The
content of other peaks in the chromatograms than the GzHYD5 at
17.5 ml was not determined. In all three chromatograms the same
volume was injected.
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The gene FG01831.1, referred to as Gibberella zeae hyd5
gene (the EMBL accession number FN668637), was iso-
lated from genomic DNA of F. graminearum by PCR and
transformed into the HFBII hydrophobin deletion strain
of T. reesei. The protein GzHYD5 was successfully ex-
pressed in T. reesei and purified from the culture filtrate
of one over-producing transformant. The molecular
mass of the mature protein was 7571 Da, which agrees
with the molecular masses of other hydrophobins [26,
36]. Although the deduced protein sequences of
GzHYD5 and F. culmorum hydrophobin FcHyd5p showed
100% identity, Stübner et al. [20] reported that the
transgenic FcHyd5p produced by P. pastoris clones had
an approximate size of 12 kDa according to SDS-PAGE.
They concluded that post-translational modifications
might occur in FcHyd5p.

Characterization of GzHYD5 revealed that the pro-
tein contains eight Cys residues. The pattern of eight
Cys residues is one main unifying feature of hydropho-
bins [16]. The molecular masses of the tryptic peptides
were observed to be as predicted supporting the protein
sequence deduced for GzHYD5. In addition, the deter-
mined N-terminal sequence of the C-terminal tryptic
fragment was identical to the predicted one. Moreover,
the results of the amino acid analysis showed a very
good fit with the expected composition of GzHYD5.
These findings confirmed that the purified protein was
the correct GzHYD5 protein.

The G. zeae hyd5 homolog of F. poae referred to as
Fusarium poae hyd5 gene (the EMBL accession number
FN669508) was also successfully expressed in T. reesei
and the corresponding protein FpHYD5 was purified
from the culture filtrate of one over-producing trans-
formant. The presence of eight Cys residues was also
observed in FpHYD5. Although the results of the amino
acid analysis corresponded to the expected composition
of FpHYD5, the measured molecular mass (9213 Da)
was greater than the calculated one (7518 Da) indicat-
ing post-translational modifications. As mentioned
above, post-translational modifications were also sug-
gested to occur in the transgenic FcHyd5p produced by
P. pastoris clones [20]. The SC3 hydrophobin of Schizo-
phyllum commune has been observed to be glycosylated
containing 17–22 mannose residues [39]. Glycosylation
of proteins has also been shown to occur in T. reesei. In
the case of Trichoderma reesei tyrosinase TrTyr2 the pro-
tein with a sodium adduct was found to be glycosylated
with a glycan consisting of two N-acetylglycosamines
and five hexoses [25]. Mature FpHYD5 contains one
putative N-glycosylation site at the aspargine residue
N(37). Molecular modeling suggests that this residue is
on the opposite side than the hydrophobic binding site

in the protein (Fig. 4). This positioning would not inter-
fere with the surface binding function of the hydro-
phobin and seems very likely. The observed mass dif-
ference (1695 Da) could correspond to the sodium
adduct (23 Da) of FpHYD5 with a glycan consisting of
two N-acetylglycosamines (2 × 203.20 Da) and seven
hexoses (7 × 162.14 Da). The phosphorylation of this
construct could explain the ladder of 80 Da detected by
MALDI-TOF MS.

The hydrophobin yields purified from the culture
supernatants of G. zeae hyd5 and F. poae hyd5 transfor-
mants were 1 mg l–1 of GzHYD5 and 18 mg l–1 of
FpHYD5. In the laboratory fermenter cultivations of the
wild-type Trichoderma reesei strains, the maximum pro-
duction of 500 mg l–1 and 30 mg l–1 of T. reesei HFB I and
HFB II have been observed, respectively [40]. Schizophyl-
lum commune has been reported to secrete the SC3 and
SC4 hydrophobins in quantities up to 60 mg l–1 and
10 mg l–1, respectively [41, 42].

Previous studies have demonstrated that hydropho-
bins are able to induce beer gushing [12, 18, 20]. Hy-
drophobins can be produced in the field or during
malting of fungal infected barley, and they can be
transmitted through the brewing process ending up in
the final beer [10]. Hydrophobins are assumed to stabi-
lize carbon dioxide bubbles in beer by forming a layer
around the microbubbles [43, 44]. This layer may pre-
vent breakdown of the microbubbles in stored beer by
hindering the gas diffusion out of the bubbles. Upon
bottle opening the external pressure in the bottle drops
and the stabilized microbubbles may expand leading to
overfoaming. This theory was supported by the studies
of Stübner et al. [20] which showed that a very stable
foam was formed by introducing air into the cell-free

Figure 4. Homology model of FpHYD5 showing the position of the
N-glycosylation site. In (a) the previously determined structure of
T. reesei HFBII [32] is shown with the surface binding hydrophobic
face coloured green. In (b) the model of FpHYD5 is shown with the
glycosylated Asn-37 shown in red. The FpHYD5 model was made
based on the HFBII structure using the SWISS-MODEL automated
homology modelling service (swissmodel.expasy.org).
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mass of the mature protein, with the N-terminal Gln
cyclized to a pyroglutamic acid, would then be 7517.6
Da. In MALDI-TOF MS the RP-HPLC purified putative
FpHYD5 showed a major peak with a mass of 9213 Da
(data not shown). In addition to the major mass peak
heavier molecules with a repeating mass difference of
about 80 Da were detected (data not shown). The mo-
lecular mass of the alkylated protein analyzed by
MALDI-TOF MS was 10062 Da (Δm = 849 Da) indicating
the presence of eight Cys residues in the FpHYD5 pro-
tein. To verify the identity of the isolated protein,
amino acid analysis was performed (Table 2). This
showed a very good fit with the expected composition.
Because the amino acid composition was correct but
the mass too large, we conclude that the FpHYD5 was
glycosylated. Consistent with this, there is a typical N-
glycosylation site, NATD, in the sequence starting at
position 37. Additionally the amino acid analysis also
revealed that the sample contained glucosamine (unlike
the GzHYD5). Looking at the structures of the homolo-
gous proteins HFBI and HFBII from T. reesei [32, 33] we
note that the predicted glycosylation site is positioned
in a surface-exposed part of the protein on its hydro-
philic side. Thus, we conclude that all data support the
conclusion that the isolated protein is FpHYD5 and that
it is post-translationally modified by glycosylation cor-
responding to a mass of 1695 Da.

Gushing inducing ability of GzHYD5 and FpHYD5
Our previous studies have shown that pronounced
gushing can be induced by adding hydrophobins di-
rectly into bottled beer and shaking the bottles gently
for three days before opening [12]. For example, addi-
tion of an amount as low as 1 μg of T. reesei hydropho-
bins HFB I and HFB II into bottled beer (0.33 l), corre-
sponding to a concentration of 0.003 ppm, was suf-
ficient to cause gushing. In this study, RP-HPLC purified

Table 3. Gushing in beer and in carbonated mineral water in-
duced by GzHYD5 and FpHYD5. Purified hydrophobins were
added in bottled beer and mineral water in duplicate, and the
bottles were agitated according to the laboratory gushing test [29,
30]. After agitation, the bottles were opened and the amounts of
overfoaming beer were determined from the change in weight of
the bottle. The results are the means of two replicates.

Gushing, g

in beer (n = 2) in mineral water (n = 2)

Amount of
hydrophobin,
microgram in
0.33 l GzHYD5 FpHYD5 GzHYD5 FpHYD5

0 0 0 0 0
1 106 34 68 101

10 178 167 133 143
50 207 207 150 159

GzHYD5 and FpHYD5 were also observed to induce beer
gushing (Table 3). Similar to T. reesei hydrophobins
amounts as low as 1 μg of GzHYD5 and FpHYD5 were
able to cause vigorous overfoaming in beer. In addition,
GzHYD5 and FpHYD5 were observed to induce gushing
in carbonated mineral water (Table 3).

Discussion

Hydrophobins are produced ubiquitously by filamen-
tous fungi. Hydrophobin genes have been identified in
many Ascomycetes and Basidiomycetes including some
Fusarium species [14, 18, 19]. In many cases, more than
just one hydrophobin is present in one species. We
generated profile hidden Markov models (profile
HMMs) for the different hydrophobin classes and
searched the F. graminearum genome database of pre-
dicted proteins with these models. The search revealed
five putative hydrophobin genes belonging to both the
hydrophobin classes I and II. The hypothetical proteins
encoded by these genes had a specific Cys pattern of
hydrophobins in their predicted amino acid sequences.
The best matching sequences were found from the
hypothetical proteins under the locus tags FG01831.1,
FG03960.1 and FG09066.1. The finding was in accor-
dance with the findings of Fuchs et al. [18] and Zapf et al.
[19]. The translated protein sequence of the locus
FG09066.1 was the most closely related to the deduced
protein sequences of class I hydrophobins Hyd3p from
F. verticillioides [18] and FcHyd3p from F. culmorum [19].
The hypothetical protein of FG03960.1 was found with
both the class I profile HMMs, indicating that the pro-
tein has sequence similarities with hydrophobins of
both Ascomycetes and Basidiomycetes. Only low se-
quence homology was observed between the predicted
protein sequence of FG0390.1 and other hydrophobins.
The translated protein sequence of the locus FG01831.1
was closely related to the deduced protein sequence of
class II hydrophobin Hyd5p from F. verticillioides (iden-
tity 89%) [18] and was identical with the deduced pro-
tein sequence of FcHyd5p from F. culmorum [19] (pre-
dicted signal peptides excluded). Our study confirmed
the results of Zapf et al. [19] in respect of the identifica-
tion of FcHyd5 hydrophobin gene from F. culmorum. In
addition, we identified the corresponding gene also
from F. poae encoding a mature protein that was 88%
identical to the corresponding predicted mature pro-
teins of F. garminearum, F. culmorum and F. verticillioides.
Moreover, our study indicated that the corresponding
gene is most likely present in F. equiseti and F. sporotri-
chioides as well.
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The gene FG01831.1, referred to as Gibberella zeae hyd5
gene (the EMBL accession number FN668637), was iso-
lated from genomic DNA of F. graminearum by PCR and
transformed into the HFBII hydrophobin deletion strain
of T. reesei. The protein GzHYD5 was successfully ex-
pressed in T. reesei and purified from the culture filtrate
of one over-producing transformant. The molecular
mass of the mature protein was 7571 Da, which agrees
with the molecular masses of other hydrophobins [26,
36]. Although the deduced protein sequences of
GzHYD5 and F. culmorum hydrophobin FcHyd5p showed
100% identity, Stübner et al. [20] reported that the
transgenic FcHyd5p produced by P. pastoris clones had
an approximate size of 12 kDa according to SDS-PAGE.
They concluded that post-translational modifications
might occur in FcHyd5p.

Characterization of GzHYD5 revealed that the pro-
tein contains eight Cys residues. The pattern of eight
Cys residues is one main unifying feature of hydropho-
bins [16]. The molecular masses of the tryptic peptides
were observed to be as predicted supporting the protein
sequence deduced for GzHYD5. In addition, the deter-
mined N-terminal sequence of the C-terminal tryptic
fragment was identical to the predicted one. Moreover,
the results of the amino acid analysis showed a very
good fit with the expected composition of GzHYD5.
These findings confirmed that the purified protein was
the correct GzHYD5 protein.

The G. zeae hyd5 homolog of F. poae referred to as
Fusarium poae hyd5 gene (the EMBL accession number
FN669508) was also successfully expressed in T. reesei
and the corresponding protein FpHYD5 was purified
from the culture filtrate of one over-producing trans-
formant. The presence of eight Cys residues was also
observed in FpHYD5. Although the results of the amino
acid analysis corresponded to the expected composition
of FpHYD5, the measured molecular mass (9213 Da)
was greater than the calculated one (7518 Da) indicat-
ing post-translational modifications. As mentioned
above, post-translational modifications were also sug-
gested to occur in the transgenic FcHyd5p produced by
P. pastoris clones [20]. The SC3 hydrophobin of Schizo-
phyllum commune has been observed to be glycosylated
containing 17–22 mannose residues [39]. Glycosylation
of proteins has also been shown to occur in T. reesei. In
the case of Trichoderma reesei tyrosinase TrTyr2 the pro-
tein with a sodium adduct was found to be glycosylated
with a glycan consisting of two N-acetylglycosamines
and five hexoses [25]. Mature FpHYD5 contains one
putative N-glycosylation site at the aspargine residue
N(37). Molecular modeling suggests that this residue is
on the opposite side than the hydrophobic binding site

in the protein (Fig. 4). This positioning would not inter-
fere with the surface binding function of the hydro-
phobin and seems very likely. The observed mass dif-
ference (1695 Da) could correspond to the sodium
adduct (23 Da) of FpHYD5 with a glycan consisting of
two N-acetylglycosamines (2 × 203.20 Da) and seven
hexoses (7 × 162.14 Da). The phosphorylation of this
construct could explain the ladder of 80 Da detected by
MALDI-TOF MS.

The hydrophobin yields purified from the culture
supernatants of G. zeae hyd5 and F. poae hyd5 transfor-
mants were 1 mg l–1 of GzHYD5 and 18 mg l–1 of
FpHYD5. In the laboratory fermenter cultivations of the
wild-type Trichoderma reesei strains, the maximum pro-
duction of 500 mg l–1 and 30 mg l–1 of T. reesei HFB I and
HFB II have been observed, respectively [40]. Schizophyl-
lum commune has been reported to secrete the SC3 and
SC4 hydrophobins in quantities up to 60 mg l–1 and
10 mg l–1, respectively [41, 42].

Previous studies have demonstrated that hydropho-
bins are able to induce beer gushing [12, 18, 20]. Hy-
drophobins can be produced in the field or during
malting of fungal infected barley, and they can be
transmitted through the brewing process ending up in
the final beer [10]. Hydrophobins are assumed to stabi-
lize carbon dioxide bubbles in beer by forming a layer
around the microbubbles [43, 44]. This layer may pre-
vent breakdown of the microbubbles in stored beer by
hindering the gas diffusion out of the bubbles. Upon
bottle opening the external pressure in the bottle drops
and the stabilized microbubbles may expand leading to
overfoaming. This theory was supported by the studies
of Stübner et al. [20] which showed that a very stable
foam was formed by introducing air into the cell-free

Figure 4. Homology model of FpHYD5 showing the position of the
N-glycosylation site. In (a) the previously determined structure of
T. reesei HFBII [32] is shown with the surface binding hydrophobic
face coloured green. In (b) the model of FpHYD5 is shown with the
glycosylated Asn-37 shown in red. The FpHYD5 model was made
based on the HFBII structure using the SWISS-MODEL automated
homology modelling service (swissmodel.expasy.org).
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mass of the mature protein, with the N-terminal Gln
cyclized to a pyroglutamic acid, would then be 7517.6
Da. In MALDI-TOF MS the RP-HPLC purified putative
FpHYD5 showed a major peak with a mass of 9213 Da
(data not shown). In addition to the major mass peak
heavier molecules with a repeating mass difference of
about 80 Da were detected (data not shown). The mo-
lecular mass of the alkylated protein analyzed by
MALDI-TOF MS was 10062 Da (Δm = 849 Da) indicating
the presence of eight Cys residues in the FpHYD5 pro-
tein. To verify the identity of the isolated protein,
amino acid analysis was performed (Table 2). This
showed a very good fit with the expected composition.
Because the amino acid composition was correct but
the mass too large, we conclude that the FpHYD5 was
glycosylated. Consistent with this, there is a typical N-
glycosylation site, NATD, in the sequence starting at
position 37. Additionally the amino acid analysis also
revealed that the sample contained glucosamine (unlike
the GzHYD5). Looking at the structures of the homolo-
gous proteins HFBI and HFBII from T. reesei [32, 33] we
note that the predicted glycosylation site is positioned
in a surface-exposed part of the protein on its hydro-
philic side. Thus, we conclude that all data support the
conclusion that the isolated protein is FpHYD5 and that
it is post-translationally modified by glycosylation cor-
responding to a mass of 1695 Da.

Gushing inducing ability of GzHYD5 and FpHYD5
Our previous studies have shown that pronounced
gushing can be induced by adding hydrophobins di-
rectly into bottled beer and shaking the bottles gently
for three days before opening [12]. For example, addi-
tion of an amount as low as 1 μg of T. reesei hydropho-
bins HFB I and HFB II into bottled beer (0.33 l), corre-
sponding to a concentration of 0.003 ppm, was suf-
ficient to cause gushing. In this study, RP-HPLC purified

Table 3. Gushing in beer and in carbonated mineral water in-
duced by GzHYD5 and FpHYD5. Purified hydrophobins were
added in bottled beer and mineral water in duplicate, and the
bottles were agitated according to the laboratory gushing test [29,
30]. After agitation, the bottles were opened and the amounts of
overfoaming beer were determined from the change in weight of
the bottle. The results are the means of two replicates.

Gushing, g

in beer (n = 2) in mineral water (n = 2)

Amount of
hydrophobin,
microgram in
0.33 l GzHYD5 FpHYD5 GzHYD5 FpHYD5

0 0 0 0 0
1 106 34 68 101

10 178 167 133 143
50 207 207 150 159

GzHYD5 and FpHYD5 were also observed to induce beer
gushing (Table 3). Similar to T. reesei hydrophobins
amounts as low as 1 μg of GzHYD5 and FpHYD5 were
able to cause vigorous overfoaming in beer. In addition,
GzHYD5 and FpHYD5 were observed to induce gushing
in carbonated mineral water (Table 3).

Discussion

Hydrophobins are produced ubiquitously by filamen-
tous fungi. Hydrophobin genes have been identified in
many Ascomycetes and Basidiomycetes including some
Fusarium species [14, 18, 19]. In many cases, more than
just one hydrophobin is present in one species. We
generated profile hidden Markov models (profile
HMMs) for the different hydrophobin classes and
searched the F. graminearum genome database of pre-
dicted proteins with these models. The search revealed
five putative hydrophobin genes belonging to both the
hydrophobin classes I and II. The hypothetical proteins
encoded by these genes had a specific Cys pattern of
hydrophobins in their predicted amino acid sequences.
The best matching sequences were found from the
hypothetical proteins under the locus tags FG01831.1,
FG03960.1 and FG09066.1. The finding was in accor-
dance with the findings of Fuchs et al. [18] and Zapf et al.
[19]. The translated protein sequence of the locus
FG09066.1 was the most closely related to the deduced
protein sequences of class I hydrophobins Hyd3p from
F. verticillioides [18] and FcHyd3p from F. culmorum [19].
The hypothetical protein of FG03960.1 was found with
both the class I profile HMMs, indicating that the pro-
tein has sequence similarities with hydrophobins of
both Ascomycetes and Basidiomycetes. Only low se-
quence homology was observed between the predicted
protein sequence of FG0390.1 and other hydrophobins.
The translated protein sequence of the locus FG01831.1
was closely related to the deduced protein sequence of
class II hydrophobin Hyd5p from F. verticillioides (iden-
tity 89%) [18] and was identical with the deduced pro-
tein sequence of FcHyd5p from F. culmorum [19] (pre-
dicted signal peptides excluded). Our study confirmed
the results of Zapf et al. [19] in respect of the identifica-
tion of FcHyd5 hydrophobin gene from F. culmorum. In
addition, we identified the corresponding gene also
from F. poae encoding a mature protein that was 88%
identical to the corresponding predicted mature pro-
teins of F. garminearum, F. culmorum and F. verticillioides.
Moreover, our study indicated that the corresponding
gene is most likely present in F. equiseti and F. sporotri-
chioides as well.
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culture supernatants containing the F. culmorum hydro-
phobin FcHyd5p. In this study, we demonstrated that
addition of an amount of 0.003 ppm of GzHYD5 and
FpHYD5 directly in beer was sufficient to induce gush-
ing. The amount of hydrophobins needed to induce
beer gushing varies. In our previous studies, an amount
of 0.003 ppm of T. reesei hydrophobins HFBI and HFBII
in beer was able to induce gushing whereas 10 and 30
times higher amounts of hydrophobins produced by
Nigrospora sp. and F. poae were needed for gushing in-
duction, respectively [12]. The gushing inducing capa-
bility of GzHYD5 and FpHYD5 corresponds to that of
T. reesei hydrophobins HFBI and HFBII. An amount of
approx. 0.2 ppm of FcHyd5p with 6× His-tag was
needed to induce beer gushing in the study of Stübner
et al. [20]. The significantly higher activity of the tag-
free hydrophobins characterized in this study suggests
that it is important to retain a native structure of hy-
drophobins in order to understand their function in a
quantitative way. Gushing phenomenon is not only
restricted to beer, because also other carbonated bever-
ages like sparkling wine, ciders, fruit spritzers etc. may
gush [45]. Hydrophobins might be a cause of overfoam-
ing of other carbonated beverages in addition to beer as
demonstrated with mineral water in this study.

A connection has been observed between the hydro-
phobin content determined by the hydrophobin ELISA
and the gushing potential of malt [12]. In addition,
previous studies have indicated that despite the sub-
stantial loss of hydrophobins during brewing a portion
survived the brewing process, ending up in the final
beer [10]. However, there is still limited knowledge of
the effects of brewing process on hydrophobins. De-
tailed studies are needed to investigate the extent of
the effects of different process steps on the gushing-
inducing ability and on the concentration of hydropho-
bins migrating in the brewing process.
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culture supernatants containing the F. culmorum hydro-
phobin FcHyd5p. In this study, we demonstrated that
addition of an amount of 0.003 ppm of GzHYD5 and
FpHYD5 directly in beer was sufficient to induce gush-
ing. The amount of hydrophobins needed to induce
beer gushing varies. In our previous studies, an amount
of 0.003 ppm of T. reesei hydrophobins HFBI and HFBII
in beer was able to induce gushing whereas 10 and 30
times higher amounts of hydrophobins produced by
Nigrospora sp. and F. poae were needed for gushing in-
duction, respectively [12]. The gushing inducing capa-
bility of GzHYD5 and FpHYD5 corresponds to that of
T. reesei hydrophobins HFBI and HFBII. An amount of
approx. 0.2 ppm of FcHyd5p with 6× His-tag was
needed to induce beer gushing in the study of Stübner
et al. [20]. The significantly higher activity of the tag-
free hydrophobins characterized in this study suggests
that it is important to retain a native structure of hy-
drophobins in order to understand their function in a
quantitative way. Gushing phenomenon is not only
restricted to beer, because also other carbonated bever-
ages like sparkling wine, ciders, fruit spritzers etc. may
gush [45]. Hydrophobins might be a cause of overfoam-
ing of other carbonated beverages in addition to beer as
demonstrated with mineral water in this study.

A connection has been observed between the hydro-
phobin content determined by the hydrophobin ELISA
and the gushing potential of malt [12]. In addition,
previous studies have indicated that despite the sub-
stantial loss of hydrophobins during brewing a portion
survived the brewing process, ending up in the final
beer [10]. However, there is still limited knowledge of
the effects of brewing process on hydrophobins. De-
tailed studies are needed to investigate the extent of
the effects of different process steps on the gushing-
inducing ability and on the concentration of hydropho-
bins migrating in the brewing process.
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