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Building filaments in the air: aerial morphogenesis in

bacteria and fungi

Marie A Elliot’?* and Nicholas J Talbot®

To disperse their spores to new sites, filamentous fungi and
bacteria need to erect aerial filaments, which develop into
fruiting bodies and spore-bearing structures. The first
challenge to aerial development is breaking surface tension
at an aqueous-air interface, and in both groups of
microorganisms, surface-active proteins take part in the
initiation of aerial morphogenesis. Comparative analysis of
fungi and bacteria is providing new insights into the means
by which aerial filamentation is accomplished.
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Introduction

The ability to form aerial filaments has evolved in three
groups of evolutionarily distinct microorganisms: the
fungi, the oomycetes, and the filamentous bacteria.
These organisms normally colonise moist substrates, such
as soil and decaying plant material, and grow through
hyphal tip extension. The individual filaments formed by
these organisms become branched and develop into a
network of interwoven filaments referred to as a substrate
or feeding mycelium. Conditions of stress, or encounters
with hydrophobic surfaces, stimulate the raising of aerial
hyphae, which then develop into reproductive structures
in the form of spore chains or fruiting bodies. In filamen-
tous fungi, reproductive structures can become very
elaborate, forming complex tissues such as mushrooms
and polypores, through further cellular differentiation.
The erection of aerial structures is achieved through the
activity of secreted proteins that allow hyphal filaments to
break surface tension at the aqueous—air interface, and
modulate the surface of hyphae to create a hydrophobic
sheath capable of resisting desiccation [1,2].

In this review, we focus on the morphogenetic proteins
essential for aerial hyphal growth in both fungi and bac-
teria, and highlight recent advances that have contributed
significantly to our understanding of aerial development.

Fungal hydrophobins — self-assembling
amphiphiles

Hydrophobins are small, hydrophobic proteins that are
produced by fungi during hyphal growth and develop-
ment [2,3]. They play important roles in aerial hyphae
formation, spore production and dispersal, stabilisation of
fruiting body structures, and the virulence of some patho-
genic fungi [2]. The contributions made by the hydro-
phobins to these diverse processes can be attributed to
their unusual surface activity. They act as natural surfac-
tants, lowering surface-tension at air—water interfaces and
altering the wettability of surfaces to which they adsorb.
They are secreted as monomers, but aggregate sponta-
neously when they encounter interfaces or surfaces.
These surface-active properties of the hydrophobins
allow fungi to overcome barriers formed by air—water
interfaces, and permit the formation of a protective coat-
ing on the surface of the hyphae, thus preventing hyphal
dehydration [1,2]. They are also involved in attachment
of fungal pathogens to the hydrophobic surfaces of plants
or animals, thereby contributing to pathogenicity [3,4].

Hydrophobins share limited amino acid sequence sim-
ilarity, and are defined by a conserved arrangement of
eight cysteine (Cys) residues. T'wo sub-classes of hydro-
phobins have been identified. In addition to having
distinct biochemical properties, these two groups can
be distinguished by the spacing of their cysteine residues
and their characteristic distribution of hydrophobic
residues [2,3]. Structural information about the hydro-
phobins has been difficult to obtain owing to the unusual
surface-active properties of these proteins. Despite being
secreted as monomers, the hydrophobins readily assem-
ble into detergent-insoluble aggregates, and these can
only be disrupted by treatment with harsh chemicals such
as trifluoracetic acid, which disrupts the short-range
hydrophobic interactions that contribute to aggregation.
A recent breakthrough by Hakanpii er a/. [5°°] has
resulted in the crystallisation, and structural determina-
tion, of a fungal hydrophobin, the HFBII class II hydro-
phobin from 77ichoderma reesei. 'The structure reveals a
novel fold, consisting of one a-helix and four anti-parallel
B-sheets (forming a B-barrel) built around four intramo-
lecular disulfide bridges. The observed disulfide linkages
differ from those previously reported, and connect Cysl
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Figure 1

Structure of the class Il hydrophobin HFBII shown in stereo to reveal the B-barrel (blue) and four symmetrically arranged disulfide bridges
(yellow). Hydrophobins have a more compact, globular structure than had been anticipated and derive their amphipathic nature from
exposure of a hydrophobic patch on the surface of the molecule. Reproduced with publisher’s permission from [5°°].

with Cys6; CysZ with Cys5; Cys3 with Cys4; and
Cys7 with Cys8. The structure, shown in Figure 1, reveals
that the four disulfide bridges are arranged symmetrically
in the same plane, with two of them located entirely
within the B-barrel and the other two found outside. The
hydrophobin structure is therefore very stable and com-
pact. An interesting feature revealed by the structure is a
hydrophobic surface patch formed by the exposure
of hydrophobic residues present in two B-hairpins.
This hydrophobic patch occupies 400 A? (12%) of the
total 3200 A* surface area of HFBII and is likely to be
responsible for conferring the characteristic amphipathic
properties that permit hydrophobin aggregation [5°°].
Hydrophobin assembly results in formation of amyloid-
like fibrils capable of reacting with dyes such as Congo
Red, and these are predicted to adopt a largely unstruc-
tured B-sheet conformation [6,7]. How a compact amphi-
philic, single-domain protein can assemble into such
an aggregate is not yet clear, but the HFBII structure
should allow for a detailed structure-function study to
be conducted, examining, for instance, the role of the
surface hydrophobic patch in self-assembly using tar-
geted mutagenesis.

New functions for hydrophobins as
determinants of morphogenesis

Analysis of complete genome sequences and large
expressed sequence tag (EST) sets from diverse fungal
species has revealed the presence of multiple hydropho-
bins in most fungi. For example, the tomato leaf mould
tungus, Cladosporium fulvum, has at least six different
hydrophobins (HCf-1 to 6) expressed at specific stages
of development [8°]. The class I HCf-1 hydrophobin, for
instance, is located on the surface of aerial hyphae and
conidia, while the class I HCf-6 hydrophobin is secreted
during invasive growth in plant tissue. Similarly, the corn
pathogen Fusarium verticillioides has at least five hydro-

phobins (Hyd1-5), which play a role in determining the
spatial patterning of spore production [9°°]. Hyd1l and
Hyd2, both class I hydrophobins, are required for the
formation of microconidial chains, and in their absence,
spores instead cluster into false heads at the end of
conidiophores. In the rice blast fungus Magnaporthe grisea,
which has six putative hydrophobin genes, aberrant
expression of the MPGI hydrophobin in the morpholo-
gical mutant acropetal, results in chains of conidia forming
in place of the normal whorls of sympodially arrayed
spores [10]. A Ampgl mutant does not sporulate or form
infection structures efficiently and is also unable to ela-
borate complete whorls of spores [4], highlighting a role
for hydrophobins as morphological determinants, and not
simply hydrophobic coat proteins. Further to this, the
observation that spores of the pulmonary pathogen Asper-
gillus fumigatus lacking the RodA hydrophobin are more
susceptible to alveolar macrophages [11°] emphasizes the
variety of roles played by hydrophobins in pathogenicity
as well as in development. The discovery of multi-domain
hydrophobins, such as the penta-hydrophobin from C/a-
viceps purpurea, further underscores the diversity of hydro-
phobin interaction and activity [12°].

Repellents and alternative routes to aerial
morphogenesis by fungi

Many mutants lacking hydrophobins are capable of pro-
ducing aerial hyphae, suggesting that additional factors
must be involved in the raising of aerial structures. A
family of small peptides, called repellents, has been
implicated in the aerial development of the corn smut
pathogen Ustilago maydis, a basidiomycete fungus, which
is filamentous only after mating and forming a dikaryon
[13]. Repellents are small peptides formed by Kex2-
dependent proteolysis of a single gene product encoded
by the repl gene [13]. Mutants lacking 7¢p/ are deficient
in aerial hyphae development and have reduced filament
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surface hydrophobicity. This is in marked contrast to
mutants lacking the two hydrophobin genes found in
U. maydis, which were unaffected in aerial filament
formation [14]. A recent study of the gill mushroom,
Schizophyllum commune, provides further evidence that
hydrophobin-independent aerial growth does occur in
fungi [15°]. An abundant secreted protein, Sc15, which
does not contain disulfide linkages and is unlike the
hydrophobins, is found on the surface of hyphae and
within mucilage. Sc15 is required for aerial hyphae for-
mation in the absence of the Sc3 hydrophobin. The two
proteins may interact at the hyphal surface, or alterna-
tively, provide stage-specific independent mechanisms
for erection of aerial hyphae [15°].

Growing aerial filaments in the filamentous
bacteria

Our understanding of the morphogenetic factors neces-
sary for aerial hyphae formation in the filamentous bac-
terium Streptomyces coelicolor has increased dramatically
over the past two years, thanks to several key discoveries.
It now appears that three separate groups of proteins (the
rodlins, the chaplins and SapB) perform roles analogous to
those of the fungal hydrophobins/repellents; however,
fundamental differences between the two systems are
also becoming apparent. The surface of aerial hyphae and
spores in many Streptomyces sp. is decorated with a dis-
tinctive rodlet pattern, consisting of parallel rods 810 nm
wide. Two highly similar proteins termed the rodlins
(RdIA and RdIB) are involved in the formation of this
‘rodlet layer’. These proteins are encoded by divergent
genes (7d/A and rd/B), which are expressed solely during
aerial hyphae formation. The rodlin genes have been
identified in a variety of Strepromyces species [16°°,17°];
however, they are missing from the recently sequenced
genome of §. avermitilis [18]. As S. avermitilis sporulates
efficiently, it is perhaps not surprising that deletion of
the rodlin genes from §. coelicolor has no obvious devel-
opmental consequences. The rodlin mutant retains the
ability to raise hydrophobic aerial hyphae and form hydro-
phobic spore chains, although the characteristic rodlet
ultrastructure (not present in §. avermitilis) is absent from
the surface of the aerial structures, and instead, a lattice
of smaller fibrils (4—6 nm wide) is observed. This is in
contrast to the situation in fungi, where hydrophobins
that confer the rodlet pattern to the spores are also res-
ponsible for conferring hydrophobicity, and their absence
results in an easily wettable phenotype [19]. Rodlin
mutants do, however, show a reduced ability to attach
to hydrophobic surfaces, a characteristic shared with
several hydrophobin mutants [4,20].

Chaplins, determinants of surface
hydrophobicity and aerial development in
Streptomyces coelicolor

As the loss of the rodlins does not affect the hydropho-
bicity of the aerial hyphae and spores, the implication is

that there must be additional factor(s) involved in surface
modification. Recent studies have identified such a family
of secreted proteins, the chaplins (coelicolor hydrophobic
aerial proteins), that play a vital role in surface hydro-
phobicity and, consequently, in development of aerial
hyphae [21°%,22°°]. There are eight chaplin proteins
(ChpA-H) in 8. coelicolor, all sharing a highly conserved,
hydrophobic domain of ~40 amino acids, termed the
‘chaplin domain’. ChpD-H are short proteins made up
of a single chaplin domain, while ChpA-C are much
longer, having two amino terminal chaplin domains,
and a carboxy terminal ‘sorting signal’ that targets them
for covalent attachment to the cell wall by a sortase
enzyme(s) (sortases are transpeptidases that recognize a
specific carboxy terminal motif, cleave the protein at that
motif, and mediate attachment of the protein to a pepti-
doglycan cross-bridge; [23]). The chaplin genes have
been identified only in sporulating actinomycetes such
as 8. coelicolor, S. avermitilis and Thermobifida fusca, and
have not been observed in non-sporulating actinomycetes
such as Mycobacterium tuberculosis and Corynebacterium
diphtheriae. While the number of chaplin genes is variable
in different organisms, the co-existence of genes for both
long and short chaplins appears to be immutable.

The loss of as few as four of the eight chaplin genes (two
long and two short) results in delays in aerial hyphae
formation and sporulation, while deletion of all eight
results in an extremely severe defect in aerial hyphae
formation ([17°]; MA Elliot and M] Buttner, unpub-
lished) and concomitant loss of surface hydrophobicity.
The observed developmental defects of chaplin mutant
strains correlate well with genetic profiling experiments,
which reveal that chaplin gene expression occurs at
times appropriate for a role in aerial hyphae development.
Additionally, chaplin gene transcripts were virtually
undetectable in 4/ mutant strains [22°°]. b/d mutants
are a class of developmental mutants that are defined by
their inability to raise aerial hyphae, having colonies with
a ‘bald’ appearance, rather than the fuzzy white appear-
ance of the wild type. The majority of 4/d genes char-
acterised thus far code for regulatory proteins [24-28].

Localisation and surface-activity of chaplins

The chaplins, like the rodlins, are all predicted to be
localized to the surface of the aerial hyphae: the long
chaplins through the covalent attachment of their carboxy
termini to the cell wall, and the short chaplins, possibly
through the heteropolymerisation of long chaplin
domains with those of the short chaplins (Figure 2). All
five short chaplins have been isolated from cell wall
extracts, and identified using MALDI-ToF mass spectro-
metry. The co-localisation of the chaplins and the rodlins
to the cell walls of aerial structures suggests a possible
interaction between these two groups of proteins. Pre-
liminary work by Claessen ez a/. [17°] suggests that both
the rodlins and the chaplins are required for the formation
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Figure 2
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Localisation of the chaplins. The long chaplins are covalently anchored to the cell wall at their C-terminus. A peptidoglycan-spanning domain is
shown in green, and the two chaplin domains are in red. The short chaplins consist of a single chaplin domain and are thought to be

anchored to the cell wall by the long chaplins.

of the paired rodlet ultrastructure visible on the surface of
spores; however, the contribution made by each to the
formation of these structures is unknown. Biophysical
analyses have revealed the chaplins to be rich in B-sheet
secondary structure and have the ability to self-assemble
into amyloid-like fibres [21°°], an ability shared with the
hydrophobins [6,7]. It is not known whether the rodlins
have similar characteristics. The chaplins also appear
to be very surface-active, and are capable of reducing
surface tension from 72 to 26 mJ/m? [21°°], an ability that
is likely to facilitate the raising of hyphae from an aqueous
environment into the air.

The role of SapB in aerial morphogenesis
Intriguingly, while the chaplins are necessary for the
raising of aerial hyphae and conferring surface hydropho-
bicity to aerial structures, they alone are not sufficient for
this to occur. Exogenous application of short chaplin
preparations to mutants lacking multiple chaplin genes
restores the formation of aerial hyphae to mutant strains
[21°°,22°°]; however, the same preparations do not restore
aerial hyphae formation to 4/d mutants [21°°]. The defects
in the aerial hyphae formation of /4 mutants can how-
ever, be relieved by the exogenous application of another
protein, SapB (spore associated protein B; [29]). SapB is a
small hydrophobic peptide and, like the chaplins, has
surfactant properties: it is able to reduce the surface
tension at an air—water interface from 72 mJ/m? to
32 mJ/m? [30]. Although it was originally isolated from
the surface of spores, SapB is present in considerably
greater abundance in the culture media (J] Willey, perso-
nal communication), in contrast to the chaplins, which
are primarily localized to the aerial structures (only two of
the chaplins have ever been identified in culture media).
Curiously, the production of SapB appears to be media-
dependent, as it is produced on rich media but not on
minimal media [31].

The genes specifying SapB have been elusive for many
years, but a very recent breakthrough has identified SapB

as the processed product of the ramS gene. ramsS is part of
the 7am (rapid aerial mycelium) gene cluster [32], which
consists of the ramCSAB operon and the divergently
expressed ramR. The orthologous cluster in §. griseus
has been termed the amf (aerial mycelium formation)
cluster [33]. Overexpression of the 7am cluster accelerates
the formation of aerial hyphae in wild-type strains, and
deletion of ramR, ramC or ramsS results in a reduced ability
to raise aerial structures. RamR is a response regulator-
like protein that controls expression of the ramCSAB
operon [34°-36°]. The predicted product of ram(C has
homology to serine/threonine kinases in its amino term-
inal domain [37], 7amsS is predicted to encode a 42 amino
acid peptide, and ramA and ramB encode components of
an ABC transporter.

Since the characterisation of the ram gene cluster, there
has been intense speculation about the possibility of 7amS§
encoding SapB, but addressing this issue experimentally
has been hampered by the resistance of SapB to bio-
chemical analysis. The first step towards resolving this
debate came when renewed attempts to obtain amino
terminal sequence for SapB yielded five residues bearing
a match to RamS beginning at residue 22, and extending
to residue 26 [38°°]. This coincided with the realisation
that the previously uncharacterised carboxy terminal
domain of RamC bore similarity to proteins involved in
the maturation/processing of lantibiotic (lanthionine-
containing antibiotic) peptides. Lantibiotics are riboso-
mally synthesised oligopeptide antibiotics that are trans-
lated as inactive pre-proteins, and are subject to extensive
post-translational modification and cleavage to generate a
biologically active peptide [39]. RamS is a reasonable
candidate for RamC-mediated post-translational modifi-
cation on the basis of its small size (42 amino acids), and
the fact that it contains several residues in its carboxy
terminus that would be good substrates for the introduc-
tion of lantibiotic-like modifications, in particular, five
serine and two cysteine residues: serine can be dehy-
drated to give didehydroalanine (Dha), which can then
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Figure 3
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Predicted primary structure for SapB. This 21 amino acid lantiobiotic-like peptide has two hydrophobic loops (hydrophobic residues are
shaded dark grey) formed by lanthionine bridges between Dha and Cys residues. This amphiphilic structure is likely to be important for the

surfactant activity of SapB.

react with the sulfhydryl groups of cysteine residues to
form lanthionine (LLan) bridges. It is therefore possible
that RamS is subject to modification by RamC, and is
cleaved between residues 21 and 22 to yield SapB.
Interestingly, the cleavage of RamS at this site would
result in a peptide having a mass 72 Da greater than that
of SapB, and this mass difference could be accounted for
by the dehydration of four serine residues (to Dha) in
RamS§,; an essential step in the formation of Lan bridges.
To examine whether SapB could be a RamS-derived
lanthionine-containing peptide, it was treated with com-
pounds that modify Dha residues and Lan bridges [38°°].
"This treatment permitted the determination of 11 from
21 residues of SapB via Edman degradation, and these
aligned perfectly with sequences in the carboxy terminus
of RamS. Additional biochemical experiments have iden-
tified the most likely positions for the modified amino
acids (Dha residues) and the lanthionine bridges, and the
proposed structure for SapB is shown in Figure 3 [38°°].
Work carried out in parallel on AmfS in §. griseus, suggests
that a similar structure is formed, and that the processing
and modification of the AmfS peptide is required for its
morphogenetic activity ([40]; K Ueda, personal com-
munication). Modelling of the SapB structure suggests
it is amphiphilic in nature, a characteristic important
for activity as a surfactant and one that has parallels to
the compact, amphiphilic HFBII hydrophobin structure
recently reported [5°°].

Genetic regulation of SapB

The discovery that SapB is specified by the ram gene
cluster ties together and explains many disparate obser-
vations made in past years. It has long been known that
bld mutant strains regain their ability to raise aerial
hyphae upon exogenous application of SapB [41]; over-
expression of 7amR in bld mutant strains also restores
aerial hyphae formation, and enhances SapB biosynthesis
in these mutant strains [34°]. An effect is seen also in wild
type strains, where the overexpression of 7zmR results in
increased SapB production and accelerated development
[34°,35°]. SapB is not produced when strains are grown

on minimal media [31], and the 7rem genes are not
transcribed during growth on minimal media [35°]. These
observations are all consistent with the fact that RamR
controls the expression of the SapB biosynthetic cluster
(ramCSAB) on rich media.

Transcription of ramR is observed during substrate
hyphal growth, and it increases to maximal levels at
the onset of aerial hyphae formation [35°]. The ramC
transcript follows the same pattern of expression, only its
transcription decreases abruptly once aerial hyphae for-
mation has begun, suggesting that RamC is dispensable
once aerial hyphae formation is established [35°,36°]. If
the only role for SapB were to act as a surfactant, then it
would not be required once the aerial hyphae have
extended into the air, and therefore, RamC would be
superfluous once this has occurred.

One intriguing observation is that while the 7@#R mutant
is unable to produce SapB, it is able to form a sparse aerial
mycelium, relative to the wild type [34°,36°]. It is con-
ceivable that there is some functional overlap between
SapB and the chaplins (which have also been shown to
have surfactant activity), and that the chaplins can par-
tially substitute for the loss of SapB.

Conclusions

It is now apparent that microorganisms have evolved
several distinct mechanisms by which to erect aerial
filaments. A prevailing theme throughout, however,
appears to be an important role for surface-active proteins
at the air—water interface and on the surfaces of aerial
structures. Fungal hydrophobins, often found in multiple
copies, appear to have greater diversity in contributing to
the development of fungal fruiting bodies than was
previously envisaged, and coupled with this, is the
recent finding that different morphogenetic proteins
appear to be induced at different stages during aerial
development [15°]. A similar situation appears to be
emerging for the filamentous bacterium Strepromyces
coelicolor, where three separate morphogenetic proteins
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Figure 4
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Model of morphogenetic protein activity in the formation of aerial
hyphae in S. coelicolor. During vegetative growth (a,b), SapB is secreted
(blue dots) and assembles to form an amphiphilic sheet at the air-water
interface (straight black line). This reduces surface tension and allows
the emergence of aerial hyphae. Chaplin synthesis and secretion

(red dots) begin during late vegetative growth (b), and continue
throughout aerial hyphal growth (c,d). The chaplins polymerise to

form a hydrophobic sheath surrounding the aerial filament,

which further facilitates the growth into the air.

have been identified as having roles in aerial hyphae
formation. These proteins appear to be expressed sequ-
entially (SapB — chaplins — rodlins), and this likely
reflects their predicted contribution to development.
In our model (Figure 4), SapB is expressed first, and is
secreted into the aqueous environment where it assem-
bles at the air-aqueous interface to allow the emergence
of aerial hyphae. This is aided by the action of the
chaplins, which coat the aerial filaments and form a

hydrophobic layer on the surface. Later, expression of
the rodlins and possible rodlin—chaplin interaction would
generate the rodlet ultrastructure that is characteristic of
many Strepromyces spores. Stage-specific regulation of the
genes that encode these morphogenetic proteins in the
filamentous bacteria and fungi is therefore fundamental
for aerial development.

So what are the key challenges for the future? In §.
coelicolor, it seems likely that many of the key players
in aerial development have now been identified, although
the interactions between the chaplins, the rodlins, SapB
and the bacterial cell surface are not well understood.
Much work is also required to dissect the regulatory
networks that coordinate the expression of these proteins,
as there are still many unknowns. In filamentous fungi,
hydrophobin-independent mechanisms for aerial devel-
opment almost certainly exist, as evidenced by the exis-
tence of the repellents in U. maydis [13] and Scl5 in
S. commune [15°]. These are, however, very specific
examples, and there must be other surface-active mor-
phogenetic proteins awaiting discovery. Finally, at some
point in the future we must consider the oomycetes,
which are mould-like in appearance but close taxonomic
relatives of brown algae rather than fungi. Oomycetes
provide virgin territory for the study of aerial develop-
ment and it will be fascinating to determine whether
evolution has selected for the presence of hydrophobin-
like proteins in these unrelated, but morphologically
identical eukaryotes or whether they have evolved a
mechanism more similar to that used by Strepromyces to
escape into the air.
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