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Mycelial fungi secrete small, cysteine-rich, proteins, called hydrophobins, that self-assemble at hydrophilic-hydrophobic 
interfaces into amphipathic membranes, highly insoluble in case of Class I hydrophobins. By self-assembly at the cul- 
ture medium-air interface they greatly lower the surface tension enabling emergent structures to grow into the air. By 
self-assembly at the interface between the hydrophUic cell wall and the air or any other hydrophobic environment, these 
emergent structures are coated with a hydrophobin membrane. These properties allow hydrophobins to fulfil a broad 
spectrum of functions in fungal development. They are involved in formation of aerial (reproductive) structures, in aerial 
dispersion of spores, and they line air channels within fruiting bodies with a hydrophobic coating, probably serving gas 
exchange. Hydrophobins also mediate hyphal attachment to hydrophobic surfaces such as those of plants. Moreover, 
they appear involved in complex interhyphal interactions, and in interactions with algae in lichens. Their resistance 
towards chemical and enzymatic treatments suggests that assembled hydrophobins also protect fungal emergent struc- 
tures against adverse environmental conditions. 
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Mycelial fungi effectively penetrate and colonize moist 
(semi)solid substrates by means of branching hyphae 
that grow at their apices, while secreting lytic enzymes at 
the same site (Wessels, 1993a). At some stage of de- 
velopment, fungal hyphae may encounter a hydrophobic 
environment. For instance, hyphae can leave the moist 
substrate and grow into the air (aerial hyphae), where 
they may form reproductive structures like conidiophores 
and fruit ing bodies. Hyphae may also traverse meter dis- 
tances of non-nutrious substrate wi th rhizomorphs or 
cords to find a new food base, while many pathogenic 
fungi attach to and grow on the hydrophobic surface of 
their host prior to penetration. Growth and differentia- 
tion of multicellular entities in fi lamentous fungi are ac- 
complished by the activities of individual hyphae and not 
by meristems as in plants. Each hypha senses, and 
responds to, its (a)biotic environment and to other 
hyphae by means of molecules located in the plasma 
membrane or at the surface of the hyphal wall. Molec- 
ules at the wall surface provide for electrostatic and 
hydrophobic interactions known to be important for inter- 
facial interactions with other cells, liquids, solids, or the 
air (Doyle and Rosenberg, 1990). It has been shown 
that the biophysical properties of the hyphal surface 
change during development, and these changes correlate 
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wi th changes in atomic composition (Hazen, 1990; Gerin 
et al., 1993; WSsten et al., 1993, 1994b). Yet, little is 
known about the molecular constitution of the fungal sur- 
face in relation to the environment or the developmental 
stage. With the discovery of hydrophobins (Schuren 
and Wessels, 1990), proteins were identified that are ac- 
tive at the fungal surface in interaction with the environ- 
ment. Although the term "hydrophobin" was used earli- 
er to denote any hydrophobic material on microbial sur- 
faces (Rosenberg and Kjelleberg, 1986), the term 
hydrophobin was coined by Wessels (Wessels et al., 
1991a, b) to name these surface proteins. 

The most characteristic feature of hydrophobins is 
that they self-assemble at hydrophil ic/hydrophobic inter- 
faces (W6sten et al., 1993, 1994c, 1995). By self-as- 
sembly at the interface between the hydrophilic cell wall 
and a hydrophobic environment (air, oil, or a hydrophobic 
solid), emergent structures are covered with an am- 
phipathic membrane (W6sten et al., 1994a, c). The 
hydrophilic side of this membrane faces the cell wall, 
while the hydrophobic side is exposed to the hydrophobic 
phase. The transition from a hydrophilic to a hydropho- 
bic cell surface allows formation of aerial hyphae (Bow- 
den et al., 1996; van Wetter et al., 1996; Temple et al., 
1997), facile dispersion of spores by wind (Beever and 
Dempsey, 1978; Stringer et al., 1991; BelI-Pedersen et 
al., 1992; Lauter et al., 1992), formation of hydrophobic 
cavities for gas exchange in compact tissues such as 
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fruit ing bodies (Wessels et el., 1995a; Lugones et el., 
1996), hyphal attachment (WSsten et el., 1994c), and 
signalling of surface hydrophobicity (Talbot et el., 1993, 
1996; Beckerman and Ebbole, 1996). Hydrophobins 
also appear to function in the establishment of complex 
interhyphal interactions as in fruit ing bodies (Wessels, 
1993b; Wessels et el., 1995), and in interactions of 
hyphae wi th plants (Talbot et el., 1993; Martin et el., 
1995a; Tagu et el., 1996), or with algae and cyanobac- 
teria (lichens) (Honegger, 1993). 

In this overview we will elaborate on the molecular 
and biophysical properties of hydrophobins and how 
these properties relate to their central role in fungal 
growth and development. 

Molecular and biophysical characterization of hydro- 
phobins 

Although hydrophobins are diverse in amino acid se- 
quence (Wessels, 1997), they all encode small ( + 1 0 0  
aa) moderately hydrophobic secreted proteins with typi- 
cal hydropathy patterns (Wessels, 1994) and eight cys- 
teine residues in conserved spacing (Fig. 1). Based on 
differences in hydropathy patterns and biophysical 
properties Wessels (1994) proposed to distinguish be- 
tween class I and class II hydrophobins. Most of the 
hydrophobins (Fig. 2) are only known as gene sequences. 
Only a few of the proteins have been isolated and stu- 
died, namely, SC3 and SC4 of Schizophyllum commune, 
ABH1 and ABH3 of Agaricus bisporus, EAS of Neu- 
rospora crassa, cerato-ulmin (CU) of Ophiostoma ulmi 
and O. novo-ulmi, and cryparin (CRP) of Cryphonectria 
parasitica. 

Interfacial self-assembly of hydrophobins Hydrophobins 
self-assemble at hydrophilic/hydrophobic interfaces (e.g., 
between water and air, water and oil, or water and a 
hydrophobic solid like Teflon) into an amphipathic mem- 
brane as shown for the class I hydrophobins SC3 
(W6sten et al., 1993, 1994c, 1995), ABH1, ABH3, and 
SC4 (Lugones et al., 1996; L.G. Lugones and J. G. H. 
Wessels, unpublished), and the class II hydrophobins CU 
(Richards and Takai, 1973; Takai and Richards, 1978; 
Russo et al., 1982; Richards, 1993) and CRP (Carpenter 
et al., 1992). The membranes formed by class I 
hydrophobins are highly insoluble (even resisting 2~ 
SDS at 100~ and can only be dissociated using agents 
like formic acid (FA) or trif luoroacetic acid (TFA) (Wes- 
selsetal . ,  1991a, b ;deVr iese ta l . ,  1993). In contrast, 
assemblages formed by class II hydrophobins are less 
stable. Those of CU and CRP readily dissociated in 60~ 
ethanol and in 2~ SDS (Russo et al., 1982; Carpenter et 
al., 1992), while assembled CU also dissociated by ap- 
plying pressure or by cooling (Russo et al., 1982). After 
dissociation of the assembled hydrophobin wi th TFA or 
FA, these solvents can be removed by evaporation, the 
solubilized hydrophobins dissolved in water, and the 
process of self-assembly repeated (W6sten et al., 1993; 
Lugones et al., 1996), showing that these proteins are 
extremely stable. 

During the process of self-assembly the conforma- 
tion of the monomers is apparently changed in such a 
way that hydrophil ic and hydrophobic groups orient 
themselves at opposite sides of the membrane. The 
hydrophilic side of the SC3 membrane has a water con- 
tact angle (~) of 36--+3, while its hydrophobic side ex- 
hibits a water contact angle of 110-+10 (WSsten et al., 

CU 

g 

Class I X26.85-C- X5_ 8 -C-C- X 17-39 -C- Xe-23 -C- X5-6-C-C- X6-18 ~ X2_ 13 

Class II X17_67-C-X9_lo-C-C-Xll - C -X16-C-X6_9-C-C-Xlo - C-X3_ 7 
Fig 1. Cysteine linkages of CU (Yaguchi et el., 1993) and the length of the sequences spacing the cysteine residues in class I and class 

II hydrophobins. 
Cys 1 of CU interacts with Cys 2 or 3, and Cys 2 or 3 is linked to Cys 4. Similarly, Cys 5 interacts with Cys 6 or 7, while Cys 6 or 7 
is linked to Cys 8. Lengths of the intervening sequences between the cysteines of class II hydrophobins are less variable than 
those of class I hydrophobins. The amino acid sequence in between cysteine 3 and 4 in class I hydrophobins is relatively long 
compared to the eleven amino acids found in class II hydrophobins. The analysis was based on the structure of the hydrophobins 
listed in Fig. 2. 
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CLASS I HYDROPHOBINS 

SC3 
COHI 
POH2 
ABH3 
COH2 
SCI 
SC4 
SC6 
HYDPTI 
HYDPT2 
ABHI 
ABH2 
HUMI 
SSGA 
MPGI 
RODA 
HYPI 
DEWA 
EAS 
HCFI 

SchizophyUum commune I) 
Coprinus cinereus 2~ 
Pleurotus ostreatus 3) 
Agaricus bisporus 4~ 
Coprinus cinereus 2) 
SchizophyUum commune I~ 
SchizophyUum commune l) 
Schizophyllum commune s) 
Pisolithus tinctoriu$ 6) 
Pisolithus tinctorius 6) 
Agaricus bisporus 7~ 
AgaHcus bisporu~ "7) 
Ustilago maydis s) 
Metarhizium anisopliae 9) 
Magnaporthe grisea ~o) 
AspergiUus nidulans TM 

AspergiUus fumigatusl2) 
Aspergillus nidulans TM 

Neurospora crassa ~4) 
Cladosporium fu lvum z3) 

CLASS 11 HYDROPHOBINS 

CU 

CRYP 

CPH2 

[ - ~  CFHI 

CFH2 

CPH3 

CFH3 

CPH|  

HBFI 

HBF2 

SRHI 

QID3 

Ophiostoma ulmi 15~ 

Cryphonectria parasitica ~6j 

Cla viceps purpurea 171 

Claviceps fusiformis Isj 

Ciaviceps fusiformis Is) 

Cla viceps purpurea 17, 

Claviceps fusiformistS) 

Claviceps purpurea 17~ 

Trichoderma reesei 19~ 

Trichoderma reesei 2~ 

Trichoderma harzianum 2~ 

Trichoderma harzianum z~ 

Fig 2. Dendrogram of similarities between aligned class I and class II hydrophobins obtained by the CLUSTAL programme of the 
PC/GENE programs package, version 6.60 (Higgins and Sharp, 1988). 
In class I hydrophobins the assembled form is insoluble in SDS and in 6 0 ~  ethanol, whereas assemblages of members of class II 
hydrophobins are soluble in these reagents. Numbers in superscript indicate references where sequence information was pub- 
lished or the source of unpublished data. Amino acid sequences at the N-terminal end preceding the first cysteine residue were 
omit ted from the comparison since these include the signal sequence for secretion and in only in a number of cases (SC3, SC4, 
Coi l  1, ABH 1, RodA, Eas, CU, and CRP) is the N-terminus of the mature protein known. 1)Schuren and Wessels (1990); Wessels et 
al. (1991a). 2) ~,sgeirsdSttir et al. (1997). 3) Asgeirsd6tt ir ,  S.A. and Wessels, J. G. H. (unpublished data). 4) Lugones, L. G. and 
Wessels, J. G. H. (unpublished data). 5) Wessels et al. (1995). 6) Tagu et al. (1996). 7) Lugones et al. (1996), de Groot et al. 
(1996). 8) Bohlmann (1996). 9) St. Leger et al. (1992). lO) Talbot et al. (1993). 11) Stringer et al. (1991); Rhodes, J. and Tim- 
berlake, W.E., cited in Stringer and Timberlake (1995). 12) Parta et al. (1994); Thau et al. (1994). 13) Stringer and Timberlake 
(1995). 14) BelI-Pedersen et al. (1992); Lauter et al. (1992); Templeton et al. (1995). 15) Yaguchi et al. (1993); Stringer and Tim- 
berlake (1993);  Bowden et al. (1994); 16) Carpenter et al. (1992); Zhang et al. (1994). 17) The three hydrophobins 1, 2, 3, in that  
sequence, are probably part of one protein in which the hydrophobin moieties are separated by NG-rich spacers (Arntz, C. and Tud- 
zynski, P., unpublished data). 18) The three hydrophobins 1, 2, 3, in that sequence, are part of one protein in which the 
hydrophobin moieties are separated by NG-rich spacers (Arntz and Tudzynski, 1997; de Vries, O. M. H., Moore, S., Wessels, 
J. G. H. and Tudzynski, P., unpublished data). 19) Nakari-Set~il~ et al., (1996). 20) Nakari-Set~il~ et al. (1995). 21) Munoz, G., 
Nakari-Set~l~i, T., Agosin, E. and Penttilfi, M. (unpublished data). 22) Lora et al. (1994). 23) Spanu (1997). 
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1993) (which is similar to that of Teflon). Chemical 
analysis and mass spectroscopy revealed that SC3 is ex- 
ceptional in that it is a glycoprotein containing 17-22 
mannose residues (de Vries, O. M. H., de Vocht, M.L.  
and Wessels, J. G. H., unpublished data). Most of the 
mannose residues, if not all, are present at the hydrophil- 
ic side of the SC3 membrane, and probably contribute to 
the high hydrophil icity of this side (W6sten et al., 1994b; 
de Vocht, M. L., Wessels, J. G. H. and Robillard, G.T.,  
unpublished data). Mass spectra of the non-glycosylat- 
ed SC4, ABH3 and CRP were in good agreement with the 
masses predicted from the primary amino acid sequence 
(Lugones, L.G., de Vocht, M.L. ,  Robillard, G.T. and 
Wessels, J .G.H. ,  unpublished data), showing that 
hydrophil icity and hydrophobicity at the two sides of 
these membranes is determined solely by amino acid 
residues and not by conjugated sugars and lipids. 

By self-assembly, hydrophobins can change the na- 
ture of a surface. By letting a solution of hydrophobin 
evaporate on filter paper, the paper was made hydropho- 
bic: water droplets stayed at the surface for hours in- 
stead of being sucked immediately into the cellulose 
fibres (Lugones et al., 1996). Similarly, glass can be 
made hydrophobic by drying down a hydrophobin solu- 
tion (WSsten et al., 1993). Conversely, hydrophobic 
solids or oil droplets can be made hydrophilic by sub- 
merging or suspending these materials into a solution of 
hydrophobin (W6sten et al., 1994c, 1995; Lugones et 
al., 1996). The most dramatic change in hydrophobicity 
was observed after assembly of CRP on a Teflon surface. 
Water contact angles changed from 109 deg (bare 
Teflon) to 22 deg after assembly of the hydrophobin. 
The interaction between CRP and Teflon resisted washes 
wi th water, but SDS or 60~ ethanol readily removed the 
protein layer from the hydrophobic surface (WSsten, 
H. A. B. and Wessels, J. G. H., unpublished data). In 
contrast, the class I hydrophobins (SC3, SC4, ABH3) as- 
sembled on Teflon were only removed by TFA or FA, 
showing that these proteins strongly interact wi th 
hydrophobic surfaces (W6sten et al., 1994c, 1995; 
Lugones, L. G. and Wessels, J. G. H., unpublished data). 
One milligram of SC3 hydrophobin was shown to be 

sufficient to coat 1 m 2 of Teflon surface with a monolayer 
about 10 nm thick (W6sten et al., 1994c), indicating that 
only small amounts of hydrophobin suffice to fulfi l their 
role in nature (see below). 

Surface activity of hydrophobins Hydrophobins belong 
to the most surface-active molecules (Table 1). With a 
maximal lowering of the water surface tension to 
2 4 m J m  -2 at 50/~gml 1, SC3 is the most powerful 
biosurfactant known (van der Mei, H.C., W6sten, 
H .A .B .  and Wessels, J. G. H., unpublished data). A 
slightly smaller lowering of surface tension (32 mJ m 2) 
was found at 100/~g ml 1 SC3 (van der Vegt et al., 
1996), similar to that of other hydrophobins at this con- 
centration (WSsten, H. A. B., Lugones, L.G. and Wes- 
sels, J. G. H., unpublished data), but much higher than 
that of a synthetic surfactant like SDS, which lowers the 
surface tension to 37 mJ m 2 at 5 mg m1-1 Surface ac- 
t iv i ty of proteins is generally low (see van der Vegt et al., 
1996), but the activity of hydrophobins is at least similar 
to that of traditional biosurfactants encompassing 
glycolipids, lipopeptides/lipoproteins, phospholipids, neu- 
tral lipids, substituted fat ty acids, and lipopolysaccha- 
rides (for references see Jenny et al., 1991). In contrast 
to these surfactants, surface activity of hydrophobins is 
not dependent on a lipid molecule but is apparently 
caused solely by the amino acid sequences. Further- 
more, surface activity depends on a conformational 
change of the molecules during assembly rather than on a 
diffusion-limited adsorption to the interface (van der Vegt 
et al., 1996), which is in good agreement with the 
properties of hydrophobins at hydrophi l ic/hydrophobic 
interfaces. 

(Ultra) structure of monomeric hydrophobin and 
hydrophobin under assembly The hydrophilic side of as- 
sembled SC3 appears smooth in the electron microscope 
(W6sten et al., 1994c). In contrast, the hydrophobic 
side of SC3 and some other class I hydrophobins assem- 
bled in vitro and in vivo is characterized by a mosaic of 
parallel rodlets (W6sten et al., 1993, 1994c; Lugones et 
al., 1996; L.G. Lugones and J. G. H. Wessels, unpub- 

Table 1. Minimal surface tension (T~v) of the most powerful biosurfactants compared to those of some syn- 
thetic surfactants. 
Adapted from Georgiou et al. (1992) and van der Vegt et al. (1996). Note that water has a surface ten- 
sion of 72 mJ m 2. 

Surfactant Class Organism T~v mJ m -2 

SC3 Protein Schizophyllum commune 24 
Rubiwettins Glycolipid Serratia rubidaea 25.5 
Pentasaccharide lipid Nocardia corynebacteroides 26 
Lipopeptides Lipopeptide Bacillus licheniformis 27 
Surfactin Bacillus subtilis 27 
Fatty acids/Neutral lipids Fatty acid/Neutral lipid Nocardia erythropolis 32 
Oleylaminefiuoride Synthetic surfactant 29 
Dihydroaminefluoride 35 
Sodiumdodecylsulphate 37 
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lished data). Such rodlets are also seen in assembled 
SC3 by atomic force microscopy (de Vocht, M. L., van 
der Vegte, E. W., Wessels, J. G. H. and Robillard, G. T., 
unpublished data and Fig. 3). Although the proteins 
were not isolated, outer spore layers made up by class I 
hydrophobins, as shown by gene disruption experiments, 
exhibit similar rodlets of about 10 nm thickness (Stringer 
et al., 1991; BelI-Pedersen et al., 1992; Lauter et al., 
1992; Talbot et al., 1996), although those attributed to 
MPG1 (Fig. 2) were 5 to 7nm thick instead of 10nm 
(Talbot et al., 1996). Within class I hydrophobins, 
DewA seems to be an exception because no rodlets were 
seen on spores apparently containing this protein but no 
RodA (Stringer and Timberlake, 1995). Also, no rodlet 
pattern was seen at the hydrophobic side of assembled 
CRP, a class II hydrophobin (W6sten, H. A. B., Wessels, 
J. G. H. and Engelhardt, H., unpublished data). Whether 
this has any functional consequences is not yet known. 
Fourier Transform Analysis of assembled SC3 and SC4 
negatively stained with uranyl acetate indicates that the 
membranes of these class I hydrophobins are relatively 
open structures wi th pores allowing for passage of small 
molecules like gasses and sugars (WSsten, H. A. B., Wes- 
sels, J. G. H. and Engelhardt, H., unpublished data), 
which could have considerable biological significance 
(see below). 

Hardly anything is known about the 2D and 3D struc- 
ture of hydrophobins and the changes that occur upon 
self-assembly. CU (Yaguchi et al., 1993) and SC3 (de 
Vocht, M. L., Wessels, J. G. H. and Robillard, G. T., un- 
published data) have a high content in E-sheets, typical of 
stable proteins. The cysteine residues of SC3 (de Vries 
et al., 1993) and CU (Yaguchi et al., 1993) form in- 
tramolecular disulphide bridges, which probably also con- 
tribute to the stabil ity of these proteins. The cysteine 
linkages in CU were determined (Yaguchi et al., 1993) 
(Fig. 1). Assuming that disulphide bridges in class I 
hydrophobins are identical to those of CU, both 
hydrophobin classes seem to contain two domains. 
Cysteine 1 to 4 is contained in the first domain, while the 
second domain encompasses cysteine 5 to 8 (Fig. 1). 
The presence of two domains is also indicated by the 

Fig 3. The hydrophobic side of assembled SC3 is character- 
ized by a mosaic of parallel rodlets as shown by surface 
shadowing (A) and Atomic Force Microscopy (courtesy of 
de Vocht, M. L. and van der Vegte, E. W.) (B). 
Bar represents 100 nm. 

hydropathy pattern (Wessels, 1996) and by the similarity 
of the most prevalent amino acids surrounding the fourth 
and eighth cysteine residue of most class I hydrophobins. 
These cysteine residues are both preceded by L, V/I, X, 
Pho and X (X indicates any amino acid except for W, Pho 
any hydrophobic amino acid) and are fol lowed by S/T, P, 
I, X, V/I residues. 

Biological functions 

Hydrophobin genes have been isolated from ascomy- 
cetes, deuteromycetes and basidiomycetes (Fig. 2), 
while hydrophobin-like proteins were shown to occur in 
zygomycetes as well (de Vries et al., 1993). To date, 
class II hydrophobins have not been identified in 
basidiomycetes, while no hydrophobin genes have been 
detected in yeasts. Inspection of the completed genome 
sequence of Saccharomyces cerevisae did not reveal 
hydrophobin sequences (Bussey, H., personal communi- 
cation), possibly indicating that hydrophobins are adapta- 
tions related to the fi lamentous mode of growth. The di- 
morphic fungi O. ulmi and Ustilago maydis do, however, 
contain hydrophobin genes. The hydrophobin Hum1 of 
U. maydis is only expressed at the filamentous stage 
(Bohlmann, 1996), while Cu is expressed in both the 
yeast-like and the fi lamentous stage (Temple et al., 
1997). 

Class I hydrophobins in aerial growth 

Aerial hyphae SC3 is the best-studied class I 
hydrophobin. Its role in formation of aerial hyphae and 
in attachment of hyphae to hydrophobic surfaces (see 
below) probably exemplifies an important role of 
hydrophobins in fungal emergent growth and therefore 
will be discussed in some detail. 

In young cultures the SC3 gene is silent. It becomes 
activated only after a few days of submerged growth, its 
mRNA accumulates to as high as 1 ~  of the total mRNA 
mass (Mulder and Wessels, 1986). Submerged growing 
hyphae secrete the protein into the medium at their tips 
(WSsten et al., 1994a) and SC3 remains monomeric un- 
less confronted with the medium/air interface. At this 
interface SC3 self-assembles into an amphipathic mem- 
brane, which is accompanied by a tremendous drop in 
surface tension (from 72 to as low as 2 4 m J m  -2) 
(WSsten, H.A.B. ,  van Wetter, M.-A. and Wessels, 
J .G.H. ,unpubl isheddata) .  This drop in surface tension 
seems to be crucial for escape of hyphae from the aque- 
ous environment. In a strain in which the SC3 gene was 
disrupted, surface tension of the culture medium 
decreased to only 45mJ  m -2 and hardly any aerial 
hyphae were formed under conditions of poor aeration. 
By supplementing to the culture medium with SC3, 
reduction of surface tension and formation of aerial 
hyphae were restored to wild-type levels. SC3 secreted 
by aerial hyphae cannot diffuse into the medium but will 
be confronted with the interface between the hydrophilic 
cell wall and the hydrophobic air, inducing self-assembly 
of the protein into a single amphipathic membrane 
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(WSsten et al., 1994a). The hydrophilic side of the SC3 
membrane faces the cell wall, while its hydrophobic side, 
characterized by a rodlet pattern, is exposed (WSsten et 
al., 1993) and confers hydrophobicity to these hyphae. 
Aerial hyphae formed by the mutant strain after sup- 
plementing the culture medium with SC3 were hydrophil- 
ic (WSsten, H .A .B . ,  van Wetter, M.-A. and Wessels, 
J. G. H., unpublished data), confirming that SC3 secreted 
by aerial hyphae is coating the surface and is not recruit- 
ed from the culture medium. The inability of SC3 in the 
medium to coat aerial hyphae is explained by the fact that 
the growing hyphal apex becomes isolated from the 
medium soon after it grows into the air. 

An impermeable membrane formed at the hyphal sur- 
face and at the medium/air interface would reduce gas 
exchange of aerial hyphae. The noted porosity of the 
SC3 membrane would permit free exchange of gases, 
which might explain why fungi use proteins instead of 
lipids to escape the hydrophilic environment and to grow 
into the air. 

The isolation of the growing apices of aerial hyphae 
and fruit ing bodies from the medium implies that water 
and nutrients have to be transported from the submerged 
mycelium to support growth of aerial emergent struc- 
tures (see Wessels, 1997). As a consequence, a feeding 
mycelium has to be established before aerial growth can 
start. As mentioned, the SC3 gene is silent during the 
first days of submerged growth (Mulder and Wessels, 
1986). As a result, surface tension at the water/air in- 
terface remains high, preventing premature aerial growth 
and allowing formation of a sizeable amount of feeding 
mycelium. It is not clear which signal is responsible for 
the activation of the SC3 gene, but it could be induced by 
a mechanism of quorum sensing as observed in bacteria 
(for a review see Swif t  et al., 1996). The thn mutation 
in S. commune might interfere wi th such a mechanism, 
because strains carrying this mutation fail to express any 
of the hydrophobin genes (Wessels et al., 1991b). Like 
SC3, other hydrophobins have been shown to be highly 
surface active and could induce aerial growth by breaking 
the surface tension. 

Conidiospores Similar rodlet layers to those observed 
on aerial hyphae of S. commune have generally been ob- 
served at surfaces of fungal aerial structures (such as 
conidiospores, conidiophores, and fruiting bodies) (see 
Wessels, 1996, 1997). These layers are probably all 
formed by a mechanism as described for the SC3 mem- 
brane at surfaces of aerial hyphae of S. commune 
(WSsten et al., 1994a). Inactivation of the hydrophobin 
genes RodA of Aspergi l lus nidulans (Stringer et al., 1991 ) 
and A. fumigatus (Thau et al., 1994), Eas of N. crassa 
(BelI-Pedersen et al., 1992; Lauter et al., 1992), and 
M P G I  of Magnapor the grisea (Talbot et al., 1996) result- 
ed in conidiospores that lacked the hydrophobic rodlet 
layer, while this layer was also absent at surfaces of 
conidiospores of A. nidulans formed in submerged cul- 
tures (Stringer et al., 1991), even though RodA mRNA 
accumulated to high levels by induced expression of the 
brlA gene, a regulator of RodA (Adams et al., 1988). 

Fruiting bodies Fruiting bodies develop from individual 
aerial hyphae that form a tissue consisting of hyphae em- 
bedded in a hydrophilic mucilage and traversed by an 
elaborate system of air channels, which probably serve 
for gas exchange. The hydrophobins SC4 and ABH3 
were shown to line air channels wi th in the plectenchyma 
of S. commune and A. bisporus, respectively (Wessels et 
al., 1995; Lugones et al., 1996; Lugones, L. G. and Wes- 
sels, J. G. H., unpublished data), their proposed porosity 
probably allowing gas exchange. In the absence of 
hydrophobins, these air channel walls would be 
hydrophilic and therefore would easily collapse during 
repeated cycles of wett ing and drying as occur in nature. 
These hydrophobins thus seem to have a function analo- 
gous to that of surfactants in alveoli of our lungs, 
preventing collapse of these structures. ABH1 also 
covers the outer surface of the fruit ing body of A. bispo- 
rus (de Groot et al., 1996; Lugones et al., 1996), but in S. 
commune the outer covering of the fruiting body consists 
of hyphae that have SC3 on their surfaces (h, sgeirsd6ttir 
et al., 1995). 

Lichens Lichens are fungi, mostly ascomycetes, as- 
sociated with algae and/or cyanobacteria. About 20~ 
of all fungi are lichenized and occupy as the sole "vegeta- 
t ion" about 8 ~  of the land area (Honegger, 1991). The 
fungal hyphae make simple contacts wi th the alga, the 
whole being ensheathed by a matrix which is covered 
with a rodlet layer at sites in contact wi th the air (Honeg- 
ger, 1982, 1991). The hydrophobic rodlet layer, pre- 
sumedly consisting of a class I hydrophobin, would allow 
apoplastic transport of water and solutes within the sym- 
biotic system by shielding the apoplast of mycobiont and 
phycobiont from the air spaces. In addition, this would 
permit optimal gas exchange and prevent the air channels 
from becoming soaked with water during cycles of wet- 
ting and drying to which lichens are regularly subjected 
(Honegger, 1991, 1993; Wessels, 1996, 1997), a func- 
tion that is analogous to that proposed for hydrophobins 
in fruiting bodies. 

Class II hydrophobins in aerial growth 

Class II hydrophobins seem to have a role in aerial growth 
similar to that of class I hydrophobins. CU was localized 
in the culture medium of O. ulmi  (Richards and Takai, 
1973; Takai, 1974; Takai and Richards, 1978) and was 
also shown to occur in the synnematal head fluid (Takai 
et al., 1980) and on surfaces of all structures formed by 
aggressive isolates of O. ulmi  (vegetative hyphae, syn- 
nemata, synnematal spores, perithecia and ostiolar hairs) 
(Svircev et al., 1988). 

Formation of aerial hyphae in a strain of O. novo-u lmi  
in which the cu gene was deleted was strongly reduced 
(Bowden et al., 1996; Temple et al., 1997), while aerial 
hyphae were abundantly formed in a non-aggressive 
strain of O. ulmi, normally exhibit ing a waxy flattened 
morphology, by introducing multiple copies of the cu 
gene of O. novo-u lmi  (Temple et al., 1997). 

A role for CRP in formation of aerial structures is indi- 
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cated by the presence of this protein at surfaces of aerial 
hyphae, pycnidia (asexual spore-containing bodies) and 
fruit ing bodies (Carpenter et al., 1992). In contrast, no 
cryparin was detected in mycelial fans, structures that 
are important in the penetration of the host, the chestnut 
tree (Hebard et al., 1984). Like SC3, CRP has a strong 
capacity to lower the surface tension of the culture medi- 
um (W6sten, H. A. B. and Wessels, J. G. H., unpublished 
data) and could thus plausibly participate in helping 
hyphae to escape the hydrophilic medium. 

Whether the lower stability of the assembled class II 
hydrophobin membrane has any effect on its role in aerial 
growth is not known. It could be that an assembled 
membrane is stabilized by interaction of its hydrophilic 
side wi th the cell wall. Such an interaction might be 
mediated by a lectin-like activity, suggested by the hae- 
magglutination of blood cells by CRP (Carpenter et al., 
1992). 

Class I and class II hydrophobins in attachment 

SC3 not only assembles at the cell wall/air interface but 
also at the interface between the hydrophilic cell wall and 
a hydrophobic solid. When hyphae of S. commune were 
grown over a Teflon surface, a thin layer of SC3 was 
localized at the interface between the hydrophobic solid 
and the cell wall, which were shown to be firmly glued 
together (W6sten et al., 1994c). Adhesion of hyphae of 
a strain in which the SC3 gene was inactivated was 
strongly reduced, showing that SC3 is involved in glueing 
together these basically incompatible surfaces, probably 
employing the amphipathic nature of the SC3 membrane, 
each side of which strongly interacts wi th one of the two 
surfaces. As shown in vitro, the interaction between 
the hydrophobic side of the SC3 membrane and a 
hydrophobic solid resisted heating at 100~ in 2% SDS 
(W6sten et al., 1994c, 1995). The affinity of the 
hydrophilic side of the membrane to the cell wall might be 
mediated by a lectin-like activity, suggested by the ability 
of SC3 to agglutinate rat blood cells (W6sten, H. A. B. 
and Wessels, J. G. H., unpublished data). The property 
of SC3 to mediate hyphal attachment to hydrophobic sur- 
faces was suggested to aid in degradation of hydropho- 
bic substrates such as lignin (W6sten et al., 1994c), en- 
suring close contact of the lignin wi th the fungal wall, 
while porosity of the SC3 membrane would allow trans- 
fer of electrons and uptake of breakdown products. 

Hydrophobins in attachment in pathogenic relationships 
Many pathogenic fungi attach to the hydrophobic surface 
of their host prior to penetration (Hazen, 1990; Cole and 
Hoch, 1991), and a role for hydrophobins in this process 
was suggested (Wessels, 1994). Infectious propagules 
are often conidiospores covered with a hydrophobic rod- 
let layer. This layer would not only facilitate spore dis- 
persal by wind but would also allow attachment to insect 
vectors and to the host surface. Significantly, an isolat- 
ed rodlet preparation from conidia and intact conidia of 
Beauveria bassiana bound equally well to insect cuticles 
(Boucias et al., 1988). Class II hydrophobins may have 

a similar role in attachment. A correlation was found be- 
tween production of CU in strains of O. ulmiand O. novo- 
ulmi and attachment of yeast-like cells, the infectious 
propagules, to surfaces of the bark beetle vector Scoly- 
tus multistriatus (Temple et al., 1997). 

Once the infectious propagule is attached to the host 
surface it must colonize the host. Conidiospores may 
germinate and assume hyphal growth fol lowed by the 
formation of an appressorium. To penetrate the host, 
this structure has to attach firmly to the host surface. 
The hydrophobin MPG1 of the rice pathogen M. grisea 
(Talbot et al., 1993) was isolated as a gene highly ex- 
pressed in plants during formation of appressoria and 
was proposed to be involved in formation and attach- 
ment of appressoria since these processes were greatly 
reduced in a strain in which the MPG1 gene was disrupt- 
ed (Talbot et al., 1993, 1996). This might be estab- 
lished by self-assembly of MPG1 at the fungal/host inter- 
face, similar to SC3 attaching hyphae of S. commune to 
Teflon. However, many pathogenic fungi only ger- 
minate in a humid environment, and a hydrophilic 
mucilage was implicated in attachment (Hamer et al., 
1988). Nevertheless, this does not exclude the involve- 
ment of hydrophobin in this process (Wessels, 1994). 
Any hydrophobin secreted with the mucilage could self- 
assemble at the host surface, making it hydrophilic. The 
change in surface hydrophil icity might then allow attach- 
ment of the hydrophilic mucilage to the hydrophobic host 
surface. This hypothesis is supported by the finding 
that formation of appressoria on a hydrophobic surface 
by a MPG1 mutant strain was restored by coinoculation 
with a wild-type strain in an aqueous environment (Beck- 
erman and Ebbole, 1996). The hydrophobin gene ssgA 
was expressed during in vitro appressoria formation of 
the insect pathogen Metarhizium anisopliae (St. Leger et 
al., 1992). The corresponding hydrophobin may like- 
wise aid in attachment of the appressorium to the insect 
cuticle. 

Attachment of a fungal cell to a hydrophobic surface 
appears to generate signals for induction of develop- 
ment. Such a role was proposed for the hydrophobin 
MPG1 of M. grisea (Beckerman and Ebbole, 1996; Talbot 
et al., 1996). In a strain in which the MPG1 gene was 
inactivated, attachment of conidia and germlings to a 
hydrophobic surface was affected (Talbot et al., 1996), 
and this was proposed to cause the strong reduction in 
appressorium formation and pathogenicity (Talbot et al., 
1993). Addition of cAMP to germinating spores 
bypassed the need of M. grisea for an inductive substrate 
(Lee and Dean, 1993), while it restored appressorium for- 
mation in the MPG1 disruptant strain (Beckerman and Eb- 
bole, 1996; Talbot et al., 1996), although these appres- 
soria were more easily removed with hot SDS than wild- 
type appressoria (Talbot et al., 1996). These results 
suggest that strong attachment of M. grisea by MPG1 
generates a signal for induction of appressoria formation, 
probably transduced via cAMP. The resulting deforma- 
tion of the hypha might stretch the plasma membrane, 
activating mechano-sensitive channels (Wessels, 1994), 
which have been shown to be present at least in S, 
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cerevisae (Gustin et al., 1988), Saprolegnia ferax (Garrill 
et al., 1993), and the phytopathogen Uromyces appen- 
diculatus(Zhouetal., 1991). In the latter fungus a cor- 
relation was found between the strength of adhesion of 
sporelings, the number of appressoria formed, and the 
hydrophobicity of surface bearing the sporelings 
(Terhune and Hoch, 1993). 

A. fumigatus is a major cause of several respiratory 
diseases in immuno-compromised patients. It was sug- 
gested that adhesion of conidia to host proteins or cells is 
a primary event during establishment of infection (Annaix 
et al., 1992). The conidial surface is characterized by 
the presence of a rodlet layer formed by the hydrophobin 
RODA (HYP1) (Thau et al., 1994; Parta et al., 1994), 
suggesting a role for this hydrophobin in conidial attach- 
ment. However, conidia of a strain in which the rodA 
gene was disrupted adhered equally well to pneumo- 
cytes, fibrinogen and laminin compared to wild-type 
conidia, while adhesion to collagen and BSA was 
reduced. From these experiments it was concluded that 
RODA is not the major surface protein responsible for the 
adherence of conidia to host cells and proteins but serves 
in dispersion of the conidia (Thau et al., 1994). In addi- 
tion, spores of the strain in which the rodA gene was dis- 
rupted were as pathogenic as spores of a wild-type strain 
in mice infection experiments (Thau et al., 1994). 

Hydrophobins in attachment in mutually beneficial sym- 
bioses Fungi in mutually beneficial symbioses also have 
to attach to the surface of their host. In the lichen sym- 
biosis between peltigerean mycobionts and their Coc- 
comyxa phycobionts, cell walls of both partners appear 
to adhere tightly. The surface of the fungus in contact 
wi th the phycobiont consisted of a hydrophobic rodlet 
layer (Honegger, 1982, 1991), indicating a role of 
hydrophobins in attachment. A similar role for 
hydrophobins has been suggested in the ectomycorrhizal 
interaction. In contact wi th the plant root, the fungus 
differentiates a highly-branched, fan shaped mycelium 
(Jacobs et al., 1989), which aggregates around the plant 
root to form the multicellular ectomycorrhizal mantle. 
Coenocytic hyphae then penetrate between the root cells 
to establish an exchange interface, called the Hartig net 
(Kottke and Oberwinkler, 1987). Two class I 
hydrophobin genes (HydPt-1 and HydPt-2) of Piso//thus 
tinctorius were isolated as genes highly expressed during 
formation of aerial hyphae and in early stages of ec- 
tomycorrhiza formation with roots of Eucalyptus globu- 
/us (Tagu et al., 1996). The differential expression of 
these hydrophobin genes indicates that they are not only 
involved in formation of aerial hyphae but could also be 
involved in attachment of hyphae to the plant roots (Mar- 
tin et al., 1995a; Tagu et al., 1996). The latter process 
is not yet understood. Fibrillar adhesive material 
released by the fungal partner together wi th amorphous 
mucilage-like material secreted by the host root have also 
been suggested to play a role in the attachment process 
(for review see Martin et al., 1995b). Alternatively, the 
hydrophobins of Pisolithus may be involved in the forma- 
tion of the ectomycorrhizal mantle by aggregating 

hyphae or may create the hydrophobic surface of this 
structure (Martin et al., 1995a; Tagu et al., 1996). 

Do hydrophobins protect fungal structures? Assembled 
hydrophobins are extremely resistant towards chemical 
and enzymatic treatment. For instance, assembled SC3 
resisted treatments wi th (aqueous solutions of) organic 
solvents or chaotropic agents and detergents in the 
presence or absence of 100raM DTT (de Vries et al., 
1993). In addition, SC3 appears to be insensitive to a 
number of proteases (de Vries, O. M. H. and Wessels, 
J. G. H., unpublished data). Similarly, rodlet layers on 
conidia of Trichophyton mentagrophytes (Hashimoto et 
al., 1976), Nomuraea rileyi, B. bassiana, M. anisopliae 
(Boucias and Pendland, 1991 ), and A. niger (Cole et al., 
1979) resisted treatments wi th organic solvents, various 
detergents, proteases, cell wall lytic enzymes, mild acid 
and urea. Only heating at 100~ in 1 M NaOH com- 
pletely degraded these rodlet layers. The resistance 
against enzymatic and chemical treatments indicates 
that hydrophobins could have a role in protection of 
emergent structures against adverse environmental con- 
ditions. It was proposed that the ABH1 membrane 
covering fruiting bodies of A. bisporus (de Groot et al., 
1996; Lugones et al., 1996) protects against bacterial in- 
fection and other environmental influences (de Groot et 
al., 1996). 

The t iny conidia of Coccidioides immitis, if inhaled, 
can initiate a human respiratory disease known as valley 
fever (coccidioidomycosis). These conidia have an out- 
er wall layer decorated with rodlet fascicles (Cole et al., 
1983). Removal of this hydrophobic layer by sonication 
prompted phagocytosis of the propagule by human poly- 
morphonuclear neutrophils (PMNs) (Drutz and Huppert, 
1983), while sheared conidia or a soluble cell wall frac- 
tion, but not intact conidia, induced an intense lymph 
node proliferation (Cole et al., 1987). When the isolated 
outer wall layer was added to the soluble wall fraction, 
cell proliferation was effectively blocked. These results 
suggest that the rodlet layer shields multiple antigenic 
molecules in the cell wall and represents a defence of the 
pathogen against attack by the host cellular immune sys- 
tem (Cole and Kirkland, 1991). Whether this property is 
more widespread is not yet clear. RODA (HYP1) of A. 
fumigatus forms the outer layer of conidiospores of this 
pathogenic fungus. It was suggested that this layer pro- 
tects the infectious propagule from the hydrolytic activi- 
ty of the phagocytic cells. However, conidia of a strain 
in which the rodA gene was disrupted were as pathogen- 
ic as wild-type conidia (Thau et al., 1994). In the patho- 
genicity assay, mice were challenged wi th at least 105 
conidia. Pathogenicity factors may only be identified at 
lower dosages, because at higher dosage an alternative 
infection route could be operative. Such a dosage effect 
was shown for the involvement of the cutinase gene in 
pathogenicity of Fusarium solani for pea (Rogers et al., 
1994). 

Like animals, plants have developed mechanisms to 
detect and defend themselves against pathogenic fungi. 
Hydrophobins may mask ~-glucan and chitin (Templeton 
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et al., 1994), main components of the fungal cell wall, 
derivatives of which exhibit a high elicitor activity (Sharp 
et al., 1984a, b; Roby et al., 1987). Hydrophobins could 
prevent release of these elicitors and thus permit the fun- 
gus to colonize the plant unnoticed. 

CU was shown to be involved in protection against 
desiccation. Over-expression of CU in O. ulmi resulted 
in decreased susceptibil i ty to desiccation, while suscep- 
t ibi l i ty was increased in strains of O. novo-ulmi in which 
the cu gene was disrupted (Temple et al., 1997). This 
suggests that the assemblage of CU forms an impermea- 
ble coating, which might contrast wi th that formed by 
class I hydrophobins (see above). 

Hydrophobins as toxins and elicitors? Of the hydro- 
phobins isolated from pathogenic fungi, only CU of O. 
novo-ulmi and O. ulmi has been proposed to be a toxin 
(Takai, 1974). Injection of purified CU into the host 
white elm caused wi l t ing, reduction in transpiration, in- 
crease in leaf respiration and electrolyte loss (Takai, 
1974). At the electron microscopy level, symptoms of 
plants injected wi th CU or infected wi th O. novo-ulmi 
were indistinguishable (Takai and Hiratsuka, 1984). 
These symptoms were suggested to derive from plugging 
of xylem vesicles by CU-coated air bubbles (Ipsen and 
AbuI-Hajj, 1982; Russo et al., 1982) and to increased 
host plasma membrane permeability (Stevenson et al., 
1979). The toxic i ty  of CU appeared to be selective and 
was highest wi th hosts of the pathogen (Richards, 
1993). However, it was recently shown unambiguously 
that CU, despite its property to function as a wi l t - toxin in 
vitro, is dispensable for pathogenicity. When cu was 
disrupted pathogenicity was unaffected (Bowden et al., 
1996; Temple et al., 1997), while overexpression of cu 
in the relatively non-aggressive O. ulmi did not increase 
pathogenicity (Temple et al., 1997). Moreover, two 
naturally occurring isolates of O. novo-ulmi which ex- 
hibited a flat morphology were shown to be deficient in 
CU production but were still pathogenic (Brasier et al., 
1995). These confl ict ing results about the role of CU as 
a toxin might be explained by the methods used to assay 
for wi l t  toxins: results obtained in these assays may not 
necessarily reflect the in vivo function (for a critical rev- 
iew see Van Alfen, 1989). Alternatively, CU might be 
one of several pathogenicity factors, each of which is dis- 
pensable, but which together give full pathogenicity 
(Bowden et al., 1996). Results could also be explained 
by the expression of another hydrophobin specifically 
produced in plants giving the same symptoms as CU 
(Wessels, 1997). 

Isolated peptides eliciting plant defence show some 
resemblance to hydrophobins in being rich in cysteine 
residues. For instance, NIP1 of Rhynchosporium seca- 
/is, a pathogen of barley, contains 10 cysteine residues, 8 
of which spaced in a way similar to those of 
hydrophobins (Rohe et al., 1995). However, the 
hydropathy pattern of this elicitor deviates significantly 
from those of both classes of hydrophobins. Neverthe- 
less, such peptide elicitors might have originated from 
these proteins (Templeton et al., 1994). 

Are hydrophobins tailored to fulf i l  specific functions? 
Four hydrophobin genes have been identified in S. com- 
mune, three in A. bisporus and three in Pleurotus ostrea- 
tus (Fig. 2). Isolation of these genes by cross hybridiza- 
tion is hampered by their low homology at the nucleotide 
level (see Wessels, 1997), and therefore the number of 
hydrophobin genes that are contained in the genome of 
these and other fungi might even be higher. We can only 
speculate whether these diverse hydrophobins are 
tailored to fulfi l specific functions during fungal develop- 
ment. SC3 (van Wetter et al., 1996) and CU (Bowden et 
al., 1996; Temple et al., 1997) have been shown to be 
involved in formation of aerial hyphae, while correlative 
evidence indicated that COH 1, POH3, ABH3 (Asgeirsd6t- 
tir et al., 1997; ~,sgeirsd6ttir, S. A., Lugones, L. G., de 
Vries, O. M. H., and Wessels, J. G. H., unpublished data), 
HydPtl  and HydPt2 (Tagu et al., 1996) are also in- 
strumental in formation of these structures. The class I 
hydrophobins SC3, COH1, POH1 and ABH3 are more 
related to each other than SC3 of S. commune and ABH3 
A. bisporus are related to other hydrophobin genes in the 
same organisms (SCI, SC4, SC6, and ABHI  and ABH2, 
respectively) which are involved in formation of fruiting 
bodies (Fig. 2). This suggests that functional similarity 
is reflected in the structural homology of hydrophobins. 
On the other hand, SC3 of S. commune, MPG1 of M. 
grisea and CU of O. novo-ulmi and O. ulmi are apparently 
multifunctional proteins. SC3 is involved both in forma- 
tion of aerial hyphae (van Wetter et al., 1996) and in at- 
tachment of hyphae to hydrophobic surfaces (WSsten et 
al., 1994c), MPG1 is active in initial stages of pathogen- 
icity and in coating conidiospores with a hydrophobic 
rodlet layer (Talbot et al., 1993, 1996), while CU is in- 
volved in formation of aerial hyphae and in attachment of 
yeast-like cells to hydrophobic surfaces (Temple et al., 
1997). Structure-function analysis of hydrophobins 
should establish which requirements a hydrophobin 
should have to fulfi l specific functions. 
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