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Fig. 1. Life cycle of S. coelicolor grown on solid 

media. Unlike most bacteria, streptomycetes 

exhibit a complex multicellular development. 

Initially, a filamentous mycelium colonizes its 

substrate (A). After a period of assimilative 

growth, aerial hyphae grow into the air (B) that 

eventually septate to form chains of grey 

exospores (C).  

Life cycle of streptomycetes 

 

Actinomycetes are a group of Gram-positive bacteria that usually have a high GC 

content. Most of them are rod-shaped to filamentous, are aerobic, and generally 

non-motile in the vegetative phase (Madigan 

et al., 1997). Actinomycetes are abundantly 

present in virtually all environments, e.g. 

soils, composts, fresh water basins, and deep 

sea sediments (Colquhoun et al., 1998). 

Although invisible to the eye, their abundant 

presence is percepted through a volatile 

compound called geosmin, which is 

responsible for the earthy or musty odor 

characteristic for forests and moist cellars 

(Gust et al., 2003). Actinomycetes are well-

known for their production of a variety of 

secondary metabolites among which most of 

the natural antibiotics used today in medicine 

(Bentley et al., 2002). For instance, Selman 

A. Waksman received the Nobel Prize in 1952 

for his discovery of the anti-tuberculosis 

remedy, the antibiotic streptomycin, 

produced by the actinomycete Streptomyces 

griseus (Smith, 2000).  

The best-studied members of the 

actinomycetes are the streptomycetes with 

Streptomyces coelicolor serving as a model 

organism. Its genome has recently been 

sequenced. S. coelicolor contains one of the 

largest number of genes (>7800) identified 

so far in a bacterium (Bentley et al., 2002). This coding potential may reflect the 

needs for the complex life style of this bacterium in a highly variable environment 

like the soil. Unlike most other bacteria streptomycetes mainly exist as multicellular 

organisms with two distinct growth phases. Initially, a branched vegetative 

mycelium is formed that colonizes the substrate (Fig. 1). Secreted enzymes 

degrade organic polymers (e.g. those in plant material) into smaller molecules that 

serve as nutrients for the growing mycelium. In the second growth phase, hyphae 
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Fig. 2. Colonies of S. coelicolor grown on solid medium. Aerial 

hyphae formation changes the appearance of colonies making them 

white and fluffy. 

grow out of the substrate into the air. This results in a white, fluffy appearance of 

the colony (Fig. 2). The aerial hyphae further differentiate by coiling, and their 

growth is arrested. Moreover, they undergo multiple cell divisions which are 

accompanied by septation. As a result, a string of 50-100 unigenomic spores are 

produced. These chains of spores give the colony a grey appearance due to a 

pigment in their cell walls (see below). The spores are dispersed by wind and 

animals and may give rise to a new colonizing mycelium.  

The formation of aerial hyphae and spores is believed to be supported by 

partial degradation of the mycelium. During formation of aerial hyphae part of the 

submerged mycelium is 

degraded, while during 

sporulation non-sporulating 

parts of aerial hyphae die 

(Wildermuth, 1970; Miguélez et 

al., 1999). Hyphae undergo an 

orderly process of internal cell 

dismantling resembling 

programmed cell death in 

animals. However, the hyphae 

do not completely disappear but 

remain part of the developing 

colony. They may provide a 

mechanical support for aerial hyphae as well as acting as ‘arteries’ for transport of 

solutes and water to the aerial structures (Miguélez et al., 1999).  

 Mutants of S. coelicolor have been isolated that are impaired in the 

formation of aerial structures. Bald (bld) mutants are affected in formation of aerial 

hyphae, while white (whi) mutants do produce aerial hyphae that, however, fail to 

generate mature, grey-pigmented spores. In the following sections several of these 

mutants will be described.  

 

The bld gene products, regulators of aerial hyphae formation 

 

Since the genetic mapping of the first S. coelicolor bld mutant (Hopwood, 1967), 

more than 10 bld genes have been isolated. Although the precise role of most of 

the genes is unclear, several of them encode regulatory proteins (Chater, 2001). 

The best characterized bld gene, bldA, specifies a leucyl-tRNA which is the only 

tRNA efficiently translating the UUA codon. Although the bldA promoter is active 
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throughout growth, processing of the 5’ end of the primary transcript is more 

efficient in older cultures. The increase in accumulation of the processed form of the 

bldA tRNA coincides with a more efficient translation of mRNAs containing UUA 

codons (Leskiw et al., 1993). Within the S. coelicolor genome 145 genes contain 

one or more TTA codons (Bentley et al., 2002). These genes are therefore most 

likely dependent on bldA for translation. For instance, the presence of this codon in 

the pathway-specific activators of the undecylprodigiosin (Red) and actinorhodin 

(Act) biosynthesis clusters (redZ and actII-ORF4, respectively) prevents bldA 

strains to produce these two pigmented antibiotics (Fernández-Moreno et al., 1991; 

White and Bibb, 1997). Until now, no bldA-dependent genes have been identified 

that account for the absence of aerial hyphae in bld mutants. 

Other bld genes that will be described in more detail are bldD, bldK, bldM 

and bldN. The bldD gene encodes a small protein with DNA-binding activity (Elliot 

et al., 1998; Elliot and Leskiw, 1999). Several targets have been identified, two of 

which are the genes for the developmental sigma factors whiG (see below; Fig. 3) 

and bldN (Elliot et al., 2001). In a bldD background expression of these targets is 

up-regulated during vegetative growth, suggesting that BldD represses premature 

expression of these genes.  

bldN encodes an extracytoplasmic function (ECF) sigma factor. Its 

transcription is dependent on the presence of BldG, a putative anti-anti-sigma 

factor. The only known target of BldN is the promoter region of bldM encoding a 

response regulator (Bibb et al., 2000; Molle and Buttner, 2000). Single amino acid 

substitutions in the BldM and BldN proteins affected development of spores but did 

not abolish aerial growth as was observed in null mutants. These data suggest that 

BldM and BldN have functions in early as well as late stages of development (Molle 

and Buttner, 2000). 

bldA, bldD, bldM, and bldN mutants encode proteins that have an apparent 

intracellular regulatory function. The bldK gene cluster, consisting of five adjacent 

open reading frames, seems to be involved in intercellular regulation. These genes 

specify homologues of the subunits of the oligopeptide-permease family of ATP 

binding cassette membrane-spanning transporters (Nodwell et al., 1996). From the 

fact that bldK mutants are resistant to the toxic tripeptide bialaphos, known to 

enter bacteria via oligopeptide permeases (Diddens et al., 1976), it was concluded 

that BldK is an oligopeptide importer. This suggested that the block in aerial hyphae 

formation is due to the inability to import a signalling peptide. Indeed, a peptide of 

655 Da was purified from the culture medium of the bldK mutant that restored 
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formation of aerial hyphae in bldJ in a BldK-dependent manner (Nodwell and Losick, 

1998). 

The gene products of other bld mutants known today, like bldB (Champness, 

1988; Pope et al., 1996; 1998), bldC, bldG (Bignell et al., 2000) bldH, bldI 

(Champness, 2000), bldJ (Nodwell et al., 1996), and bldL (Nodwell et al., 1999) 

have not been characterized in detail and their function in development remains to 

be established. Table 1 gives an overview of current knowledge on the bld genes. 

 

Table 1.  bld genes identified in S. coelicolor (adapted with permission from Chater, 2001) 

Locus Gene product Reference(s) 

bldA Leucyl tRNA for the UUA codon Lawlor et al., 1987 

Leskiw et al., 1991 

 

bldB DNA-binding protein containing an helix-turn-helix 

motif that likely forms a homodimer 

Merrick, 1976 

Pope et al., 1998 

 

bldC Unknown 

 

Merrick, 1976 

Champness, 2000 

 

bldD Small DNA-binding protein acting on promoters of 

whiG, bldN and sigH 

Elliot et al., 1998; 2001 

Kelemen et al., 2001 

 

bldG Putative anti-anti-sigma factor 

 

Champness, 1988 

Bignell et al., 2000 

 

bldH Unknown Champness, 1988 

 

bldI Unknown Leskiw and Mah, 1995 

Champness, 2000 

 

bldJ Unknown Nodwell et al., 1996 

 

bldK Oligopeptide permease importing a signalling 

peptide of 655 Da encoded (indirectly) by the bldJ 

locus 

Nodwell et al., 1996 

Nodwell and Losick, 1998 

 

 

bldL Unknown Nodwell et al., 1999 

 

bldM Response regulator; probably active in early as well 

as late stages of development 

 

Bibb et al., 2000 

Molle and Buttner, 2000 

 

bldN Extracytoplasmic function (ECF) sigma factor; 

recognizes promoter region of bldM; probably 

active in early as well as late stages of 

development 

Bibb et al., 2000 

Elliot et al., 2001 



Chapter 1 

14 

The bld genes are part of a hierarchical cascade 

 

A common feature of bld mutants is their failure to produce and secrete a small 

hydrophobic peptide, called SapB. It consists of 18 amino acids with a predicted 

mass of 1928 Da. The observed mass of 2027 Da as well as its reactivity with 

Schiff’s reagent indicates the presence of a non-proteinaceous moiety (Willey et al., 

1991). Until now, no gene has been identified in the S. coelicolor genome that 

encodes a peptide or protein containing the N-terminal sequence of SapB and which 

is in agreement with the total amino acid composition. This indicates that this 

peptide is synthesized non-ribosomally. However, disruption of each of the three 

peptide-synthetase genes in the genome of S. coelicolor did not abolish SapB 

production (J.M. Willey, personal communication).  

 When certain bld mutants were grown near differentiating colonies of a wild-

type strain, aerial hyphae formation and subsequent sporulation was restored in the 

area close to the wild-type strain (Willey et al., 1991). This effect was proposed to 

be due to diffusion of SapB to the bld mutant strain since application of purified 

SapB on the colony surface of bld mutants also rescued aerial hyphae formation 

(Tillotson et al., 1998). Since SapB was shown to reduce the water surface tension 

from 72 to 30 mJ m-2 this peptide likely enables formation of aerial hyphae by 

breaking the water surface tension (Tillotson et al., 1998). Interestingly, the aerial 

hyphae that had formed did not differentiate further to form spores. Moreover, the 

effect of purified SapB in stimulating development was transient. After prolonged 

incubation, colonies that had produced aerial hyphae in response to the application 

of SapB lost their white fluffy appearance. Microscopically, the aerial hyphae had 

collapsed and were lying horizontally on top of the underlying substrate hyphae 

(Willey et al., 1991). Thus, other molecules are essential to complete the 

morphological program of development of aerial hyphae. 

 Complementation was also observed when certain pairs of bld mutants were 

grown adjacent to each other even though all these mutants are individually 

blocked in SapB production. Extracellular complementation is initially unidirectional 

with one mutant strain acting as a donor for the acceptor strain (Willey et al., 

1993).  
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Experiments with the whole set of bld mutants showed that most of these mutants, 

but not all, fall into the following hierarchical cascade, in which each mutant can 

rescue morphogenesis in mutants to the left: 

 

[bldJ] < [bldK,L] < [bldA,H] < [bldG] < [bldC] < [bldD,M] → SapB 

 

Thus, bldJ can be rescued by all other bld mutants, whereas bldD and bldM can only 

be rescued by the wild-type strain. Complementation results in restoration of SapB 

biosynthesis which eventually leads to aerial hyphae formation and sporulation of 

both bld mutants (Wösten and Willey, 2000). This cascade is probably explained by 

the formation of bld-dependent signalling molecules (e.g the one isolated from the 

bldK mutant) and inactivation of metabolites. Why does S. coelicolor use such a 

cascade? It was proposed that it allows the bacterium to integrate different 

environmental conditions like nutrient availability and stress (Chater, 2001; Pope et 

al., 1996; Kelemen and Buttner, 1998). This is supported by the observation that 

most bald mutants are affected in the regulation of carbon utilization. Pope et al. 

(1996) showed that the galactose operon was constitutively expressed in bldA, 

bldB, bldC, bldD, bldG and bldH mutants grown on glucose. They suggested that 

the bld genes are not involved in morphogenesis per se, but instead play a role in 

the regulation of carbon utilization. Indeed, most of these mutants were rescued in 

development by growing them on mannitol instead of glucose (Pope et al., 1996; 

Willey et al., 1991; 1993).  

Coupling of morphogenesis and primary metabolism was also shown by 

Viollier et al. (2001) and Süsstrunk et al. (1998). During primary growth organic 

acids are excreted by submerged hyphae, resulting from an imbalance between 

glycolysis and TCA-cycle activities. This leads to a gradual drop of the pH in the 

medium. During subsequent growth, the wild-type strain switches to an alternative 

metabolism that neutralizes the culture medium, probably by recycling the secreted 

acids. The cya mutant of S. coelicolor MT1110, lacking the adenylate cyclase 

activity to synthesize cAMP, was unable to deacidify its culture medium by the 

inability to enter the alternative metabolic route. As a result, it failed to erect aerial 

hyphae (Süsstrunk et al., 1998). However, buffering of the medium as well as 

growth of the MT1110 wild-type strain in close proximity of the cya mutant rescued 

morphogenesis. Similar results as obtained with the cya mutant were obtained with 

a mutant affected in the citA gene encoding the citrate synthase (Viollier et al., 

2001). These data show that cross-feeding experiments can reflect inactivation of a 

metabolite such as organic acids in the medium (Süsstrunk et al., 1998).  
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The link between bld genes and SapB: the ram locus 

 

Formation of aerial hyphae in all bld mutants was not only restored by SapB, but 

also by overexpressing a gene called ramR (Nguyen et al., 2002). This gene is part 

of the ram operon of S. coelicolor that accelerates development in Streptomyces 

lividans (Ma and Kendall, 1994). It consists of five genes encoding for a membrane-

bound kinase (RamC), a small 42 amino acids peptide (RamS), components of an 

ABC transporter (RamAB), and a response regulator (RamR). Homologues of this 

gene cluster were also identified in S. griseus (called amf cluster) and 

Streptomyces avermitilis (Ueda et al., 2002). Deletion of ramR blocked SapB 

formation and delayed morphogenesis in the wild-type (Nguyen et al., 2002). A link 

of the ram cluster with the bld genes was suggested from the finding that ramR is 

not transcribed in bldA, bldB, bldH, and bldD, but that its transcription is not 

affected in whiG, the earliest whi mutant (see below; Keijser et al., 2002). 

Moreover, overexpression of ramR restored formation of SapB in all bld mutants, 

and induced formation of this peptide in wild-type strains on minimal media in 

which it is normally not produced (Nguyen et al., 2002). 

  RamR was shown to be involved in transcription of the ramCSAB operon 

(Keijser et al., 2002). Transcripts of this operon were already observed during 

vegetative growth, but strongly increased during the onset of morphological 

development (Keijser et al., 2002). The ramS gene encodes for a small 42 amino 

acid peptide that is suggested to be transported via the ABC transporter system 

encoded by the RamAB proteins (Chater and Horinouchi, 2003). Deletion of ramS 

has a similar phenotype as the ramR mutant, i.e. delayed formation of aerial 

hyphae. Because overexpression of RamR in the ramS mutant did not restore 

morphogenesis, RamS is likely required for the ramR-induced growth of aerial 

hyphae (Nguyen et al., 2002). The precise function of RamS remains to be 

elucidated. 

 

The whi gene products, sporulation-specific proteins 

 

A complex regulatory network accounts for the development of aerial hyphae into 

spores. To date, 12 whi mutants have been identified that are impaired in 

completing sporulation (Chater, 2001; Ryding et al., 1999). Deleting the genes 

mutated in whiN and whiM resulted in a bld phenotype. These two mutants were 

therefore renamed as bldN and bldM, respectively. Two classes of whi genes are 

distinguished. The early whi genes (whiA, whiB, whiG, whiH, whiI and whiJ) are 
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Fig. 3. Proposed network that 

controls aerial growth and 

sporulation in Streptomyces 

coelicolor. BldD is a DNA-binding 

protein that represses premature 

transcription of the sigma factors 

BldN and WhiG. Upon the presence 

of WhiG, WhiH and WhiI are 

produced in growing aerial hyphae. 

These proteins are activated by 

WhiA and WhiB when growth of the 

aerial hypha stops. Activated WhiH 

and WhiI induce late sporulation 

processes like septation, spore 

maturation and pigmentation. Solid 

lines indicate well-established 

regulatory steps, whereas dotted 

lines indicate more limited 

evidence. Adapted with permission 

from Chater (2001). 

involved in the initiation of differentiation of aerial hyphae into spores, while the 

late white genes (whiD, whiE, whiF, whiL, whiM and whiO) function in septation and 

spore maturation.  

The early whiG gene plays a central role in the initiation of differentiation of 

aerial hyphae into spores (Fig. 3). It encodes a RNA polymerase σ factor (Chater et 

al., 1989; Chater, 2001). The aerial hyphae of whiG mutants are long without any 

signs of coiling or septa formation (Chater, 1972; 1975; Wildermuth and Hopwood, 

1970). In contrast, overexpression of whiG changes the developmental fate of the 

substrate mycelium. Vegetative hyphae, either in liquid culture or in the agar, 

undergo metamorphosis into chains of spores, instead of lysing like wild-type cells 

(Chater et al., 1989). whiG is expressed during all growth phases suggesting that 

WhiG is post-transcriptionally regulated (Kelemen et al., 1996). In a bldD mutant 

whiG mRNA levels are increased compared to the wild-type strain showing that 

BldD represses transcription of whiG (Elliot et al., 2001; Fig. 3). The importance of 

the repression of whiG by BldD remains to be established although it represents the 

first example of a direct link between bld and whi genes (Fig. 3). 

 

Two other early whi loci, whiH and whiI are regulated by the activity of σWhiG 

(Ryding et al., 1998; Aínsa et al., 1999). Aerial hyphae of whiH mutants are loosely 

coiled but no further development towards sporulation occurs (Ryding et al., 1998). 

WhiH shares homology with members of the GntR family of regulators (Haydon and 
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Guest, 1991). These proteins consist of a DNA-binding domain and a signal-sensing 

region usually responding to an acidic carbon metabolite (Ryding et al., 1998). 

 

Aerial hyphae of whiI mutants resemble those of whiH mutants. WhiI is homologous 

to members of the response regulator family of transcriptional activators 

(Hakenbeck and Stock, 1996). However, it lacks two conserved residues in the 

phosphorylation pocket found in these regulators, making WhiI an atypical member 

of the family. WhiI negatively regulates its own production and that of whiH 

(Ryding et al., 1998; Aínsa et al., 1999). Both WhiH and WhiI are believed to be 

activated upon cessation of growth of aerial hyphae, thereby releasing their 

autorepressor activities (Aínsa et al., 1999; 2000; Chater, 2001). The activated 

Table 2.  whi loci discovered through the analysis of white mutants (adapted with permission 

from Chater, 2001) 

Locus Gene product Reference(s) 

whiA Protein possibly involved in growth cessation of aerial 

hyphae; conserved in Gram-positive bacteria 

 

Aínsa et al., 2000 

Chater, 2001 

 

whiB Small putative transcription factor containing four 

conserved cysteine residues; possibly involved in 

growth cessation of aerial hyphae; conserved in 

actinomycetes 

 

Soliveri et al., 2000 

Chater, 2001 

 

 

whiD Homologue of WhiB; regulator of late sporulation 

processes like spore maturation and pigmentation 

 

Molle et al., 2000 

 

whiE Enzymes responsible for formation of the polyketide 

spore pigment 

Davis and Chater, 1990 

 

 

whiG Early RNA polymerase sigma factor that initiates 

sporulation processes     

 

Chater et al., 1989 

 

whiH Homologue of the GntR family of regulators 

containing a DNA-binding motif; activated form 

induces late sporulation processes 

 

Ryding et al., 1998 

Haydon and Guest, 1991 

 

whiI Putative response regulator; activated form induces 

late sporulation processes 

 

Aínsa et al., 1999 

 

whiL Unknown Ryding et al., 1999 

 

whiM BldM (see Table 1) Ryding et al., 1999 

Molle and Buttner, 2000 

 

whiN BldN (see Table 1) Bibb et al., 2000 

Molle and Buttner, 2000 

Elliot et al., 2001 

 

whiO Unknown Ryding et al., 1999 
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Fig. 4. Scanning EM image representing an aerial hypha of 

S. coelicolor showing the typical rodlet decoration.  

proteins induce late sporulation processes like septation and genome partitioning 

(Aínsa et al., 1999; Flärdh et al., 1999; Chater, 2001). 

whiD and whiE are late whi loci. WhiD shares similarity with WhiB and likely 

represses abundant septation and activates spore maturation (Molle et al., 2000). 

The whiE locus encodes proteins responsible for production of the grey spore 

pigment (Davis and Chater, 1990). It consists of at least seven genes showing 

homology to genes encoding components of type II polyketide synthases (Kelemen 

et al., 1998). All known whi genes are summarized in Table 2. 

 

Surface layers of aerial hyphae and spores of streptomycetes  

 

In contrast to substrate hyphae, aerial hyphae and spores of streptomycetes are 

hydrophobic. These aerial structures are surrounded by a thin fibrous sheet, called 

the rodlet layer, that consists of a mosaic of parallel rods dubbed rodlets (Hopwood 

and Glauert, 1961; Wildermuth 

et al., 1971). The rods are up 

to 450 nm in length and have a 

diameter of 8-12 nm (Fig. 4).  

Although often in pairs, the 

rods also occur individually, 

and sometimes a number of 

them radiate from one point. 

The rodlet layer remains intact 

when aerial hyphae 

differentiate into spores. As 

they begin to separate, the 

layer ruptures between 

adjacent spores thus partially exposing one of the two underlying spore wall layers 

that have no apparent ultrastructure (Hopwood and Glauert, 1961). Smucker and 

Pfister (1978) proposed that the exterior face of the rodlet mosaic is covered with 

two additional layers, a granular matrix of unknown nature and a thin fibrous sheet, 

suggesting the existence of in total five spore layers outside the plasma membrane. 

The significance of the rodlet layer and the other surface layers in streptomycetes is 

unknown. One or more of them are expected to render spores hydrophobic. The 

water-repellent nature was proposed to prevent aerial hyphae to grow back into the 

hydrophilic substrate (Wösten and Willey, 2000). Furthermore, it would provide 

rigidity to the aerial hyphae and facilitates the dispersal of spores through the air. 
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Rodlets have not only been observed at surfaces of aerial structures of  

streptomycetes (Hopwood and Glauert, 1961; Bradley and Ritzi, 1968; Wildermuth, 

1972; Bradshaw and Williams, 1976), but also at those of other actinomycetes 

(McVittie et al., 1972; Takeo and Uesaka, 1975; Takeo, 1976), and fungi (Hess et 

al., 1968; Hess and Stocks, 1969; Beever et al., 1979). Until recently, it remained 

unknown which components form the bacterial rodlet layer (Claessen et al., 2002; 

2003; 2004; Chapters 3, 4, 5). In the past, it was suggested that lipids contribute 

to formation of the rodlets that disappeared from the spore surface of 

Streptomyces venezuelae after organic extractions with xylene or benzene (Bradley 

and Ritzi, 1968). Studies on S. griseus showed that the rodlet layer could be 

removed from spore surfaces with virtually all solvents. However, this was caused 

by the general disruptive effect of the treatment. The rodlets themselves were not, 

or only partially dissolved (Bradshaw and Williams, 1976). Smucker and Pfister 

(1978) stated that the rodlets were composed of polymers of N-acetylated 

glucosamine. However, a significant amount of protein was detected in these 

samples as well, suggesting that rodlets are formed by one or more proteins. SapB 

was not expected to form the rodlets, because they were observed on aerial 

structures of cultures of S. coelicolor grown on minimal medium (Wildermuth et al., 

1971). Under this condition SapB is not formed (Willey et al., 1991). Furthermore, 

using immunogold labelling SapB could only be localized in the culture medium but 

not within or on the surface of aerial hyphae (Wösten and Willey, 2000).  

 

Fungal rodlets and the similarity in formation of aerial structures by 

filamentous fungi and filamentous bacteria   

 

The rodlet layer of filamentous fungi is the result of self-assembly of class I 

hydrophobins at hydrophilic-hydrophobic interfaces (Wösten et al., 1993; 1994a; 

1995). Class I hydrophobins are small secreted proteins (~100 amino acids) that 

are characterized by eight conserved cysteine residues and a typical hydropathy 

pattern (Wessels, 1997; Wösten, 2001). The rodlet layer is an amphipathic film of 

about 10 nm thin (Wösten et al., 1993; 1994a; 1995), which can only be 

dissociated by agents like trifluoroacetic acid or formic acid (de Vries et al., 1993; 

Wösten et al., 1993; 1994a; 1995). 
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Fig. 5. Proposed model for the formation of aerial hyphae in Schizophyllum 

commune (left) and Streptomyces coelicolor (right). The former secretes 

the hydrophobin SC3 in the medium, while the latter produces SapB. These 

molecules  lower the water surface tension enabling aerial growth. SC3 also 

coats aerial hyphae, thus mediating surface hydrophobicity. Assembled SC3 

at the water-air interface and the hyphal surface consists of a mosaic of 

parallel rodlets. The molecule(s) forming the rodlet layer in S. coelicolor 

have not been identified yet, but SapB is likely not involved. Adapted from 

Wösten and Willey (2000). 

The best-studied hydrophobin is SC3 of the basidiomycete Schizophyllum 

commune. SC3 has several functions in development of S. commune. SC3 secreted 

by submerged hyphae assembles at the medium-air interface. Self-assembly is 

accompanied by a 

dramatic decrease of the 

water surface tension 

from 72 to as low as 

24 mJ m-2. This decrease 

in surface tension enables 

hyphae to breach the 

medium-air interface to 

grow into the air (Wösten 

et al., 1999a; Fig. 5). In 

a strain in which the SC3 

gene was disrupted 

(∆SC3 strain) lowering of 

the water surface tension 

was severely affected and 

correlated with a reduced 

capacity to form aerial 

hyphae (van Wetter et 

al., 1996; Wösten et al., 

1999a). Addition of 

purified SC3 to the medium of the ∆SC3 strain restored the formation of aerial 

hyphae that, in contrast to those of the wild-type strain, were hydrophilic. 

Reintroduction of the SC3 gene restored the formation of hydrophobic aerial 

hyphae. This showed that aerial hyphae have to secrete SC3 to obtain their 

hydrophobic nature (Wösten et al., 1999a). Apart from mediating escape of hyphae 

into the air and rendering aerial hyphae hydrophobic, SC3 also attaches hyphae to 

a hydrophobic surface by assembling at the interface between the cell wall and the 

hydrophobic solid (Wösten et al., 1994b). 

Formation of aerial hyphae in filamentous fungi and filamentous bacteria 

have strikingly similar mechanisms. Like SC3 in S. commune, SapB is believed to 

facilitate the emergence of aerial hyphae of S. coelicolor by breaking the surface 

tension at the water-air interface (Fig. 5). Similar to SapB, SC3 complemented the 

morphological defect of bld mutants of S. coelicolor when it was applied at the 

colony surface (Tillotson et al., 1998). On the other hand, streptofactin of 
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Streptomyces tendae, the supposed orthologue of SapB (Richter et al., 1998), not 

only restored the capacity of the bld strains of S. coelicolor to erect aerial 

structures but also that of the ∆SC3 strain of S. commune (Wösten et al., 1999b). 

These data show that structurally unrelated molecules found in filamentous 

prokaryotic and eukaryotic microbes have been functionally converged (Wösten and 

Willey, 2000). However, as mentioned above, SapB is not expected to render aerial 

hyphae of S. coelicolor hydrophobic. Thus, in contrast to filamentous fungi, 

streptomycetes use different structural molecules to allow formation of aerial 

structures. Furthermore, it was not known whether streptomycetes, like 

filamentous fungi, attach to hydrophobic surfaces and, if so, which molecules 

mediate this process. 

 

Outline of this thesis 

 

Morphological differentiation of the filamentous bacterium S. coelicolor has been of 

interest to many scientists. Analysis of mutants impaired in formation of aerial 

hyphae on solid growth media led to the discovery of many regulatory proteins 

involved in differentiation. Until now, only little information was available on 

structural proteins involved in this process. The following chapters of this thesis 

describe the process of aerial hyphae formation in liquid standing cultures and the 

identification and characterization of structural proteins that are involved in 

formation of aerial hyphae and attachment.  

 Chapter 2 describes growth and differentiation of S. coelicolor in liquid 

standing cultures. Initially, this bacterium grows submerged only. Part of the 

mycelium occurs free in the medium, while the other part is attached to the walls of 

the plate. At a certain moment, colonies migrate to the air-medium interface, 

where they become fixed by a rigid light-reflecting film. These colonies form aerial 

hyphae that differentiate into spores. Standing liquid cultures provide a good 

system to study morphogenesis. 

 Chapter 3 describes the first identified structural proteins that coat aerial 

structures of Streptomyces coelicolor. These proteins, called rodlins A and B, were 

isolated by adopting the procedure to isolate fungal hydrophobins from aerial 

structures. Rodlins are secreted by growing aerial hyphae and are necessary for the 

formation of the rodlet layer. They are also secreted by submerged hyphae that 

contact a hydrophobic solid. Attachment to this substratum was strongly reduced in 

strains lacking both rodlin genes. 
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 Chapter 4 describes the identification and characterization of a class of 

eight hydrophobic secreted proteins, called chaplins. Mature forms of ChpD-H are 

up to 63 amino acids in length, while those of ChpA-C are larger. The latter proteins 

consist of two domains similar to those of ChpD-H. chpA-H are expressed in aerial 

hyphae while transcripts of chpE and chpH were also detected during submerged 

growth. The ∆chpABCDEH strain, lacking 6 out of 8 chp genes, was severely 

affected in aerial growth, but could be rescued by the extracellular addition of 

purified ChpD-H. This mixture assembled into amyloid-like fibrils at the water-air 

interface coinciding with a high surface activity. The fibrils resembled those present 

at aerial hyphae of the ∆rdlAB strain, thus showing that these proteins enable aerial 

growth by lowering the water surface tension and rendering aerial structures 

hydrophobic. 

 Chapter 5 describes that formation of the rodlet layer is conserved in 

streptomycetes and results from the interplay between the non-redundant rodlins 

and chaplins. Strains of S. coelicolor in which the rodlin genes rdlA and/or rdlB were 

deleted no longer formed rodlets. Instead, fine fibrils were observed. Deletion of all 

eight chaplins (∆chpABCDEFGH strain) prevented formation of these fibrils as well 

as the rodlet layer. This suggests that rodlets are composed of these fibrils. The 

strong reduction in the number of aerial hyphae in the ∆chpABCDEH and 

∆chpABCDEFGH strains was accompanied by a decrease in expression of the rdl 

genes although the level of expression per aerial hypha was identical to that of the 

wild-type strain. This suggests that expression of the rdl genes is initiated after the 

hypha has sensed that it has left the aqueous environment. 

 Chapter 6 describes the role of chaplins in attachment and dispersed 

growth of S. coelicolor. Two different mechanisms for attachment were observed. 

Strong attachment of wild-type hyphae in mNMMP standing liquid cultures coincides 

with the formation of fibrils with a diameter of 30-100 nm that are hardly observed 

in the ∆chpABCDEFGH strain but are present in the ∆rdlAB strain. Hyphae that 

adhere weakly, as in gNMMP standing medium, do not form these fibrils but require 

both rodlins and chaplins to remain attached. Chaplins can assemble into amyloid 

fibrils at the interface between water and a hydrophobic solid and even in the 

absence of a hydrophobic-hydrophilic interface provided that an assembled nucleus 

is present. These data strongly suggests that attachment in mNMMP as well as 

gNMMP is mediated by amyloid fibrils. Moreover, they appear to function in 

dispersed growth. Mycelium of the ∆chpABCDEH and ∆chpABCDEFGH strains grew 

less dispersed than the wild-type strain. 

The results described in this Thesis are summarized and discussed in Chapter 7. 
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SUMMARY 

 

Streptomyces coelicolor differentiates on solid agar media by forming aerial hyphae 

that septate into spores. We here show that differentiation also occurs in standing 

liquid minimal media. After a period of submerged growth, hyphae migrate to the 

air interface where they become fixed by a rigid reflecting film. Colonies that result 

from these hyphae form sporulating aerial hyphae. In addition, submerged hyphae 

in the liquid minimal medium may attach to the surface. Liquid standing cultures 

easily become anoxic only 1-2 mm below the surface. Yet, biomass increases, 

implying the existence of metabolic pathways supporting anaerobic growth. 

 

INTRODUCTION 

 

Streptomyces coelicolor is a filamentous Gram-positive soil bacterium that 

undergoes a complex life cycle of morphological differentiation on solid agar 

medium. After a submerged feeding mycelium has been formed, hyphae escape the 

aqueous environment to grow into the air. This process is mediated by a surface-

active peptide SapB that lowers the water surface tension (Tillotson et al., 1998). 

As a result, colonies are covered with a white fluffy layer of aerial hyphae. These 

aerial hyphae eventually septate into chains of grey-pigmented spores that are 

spread by wind or animals. These spores may give rise to a new mycelium. Aerial 

hyphae and spores possess several surface layers that make them hydrophobic. The 

rodlet layer is one of these layers. Its formation is mediated by the homologous rodlin 

proteins RdlA and RdlB (Claessen et al., 2002) that are produced by hyphae in contact 

with air or a hydrophobic solid.  

S. coelicolor mutants have been isolated that are impaired in formation of 

aerial hyphae (bld mutants) or in formation of spores (whi mutants). Bld mutants 

grown on complex medium are affected in the production of the surface active 

peptide SapB (Willey et al., 1991), and thus cannot escape into the air by their 

inability to lower the water surface tension (Tillotson et al., 1998). whi mutants are 

not impaired in SapB production. The aerial hyphae of these mutants, however, are 

affected in septation, cell wall thickening, and/or spore pigmentation. The 

phenotype of a number of bld mutants are known to be suppressed by growth on 

minimal medium supplemented with mannitol, arabinose, or other sugars 

(Hopwood, 1988; Willey et al., 1991). 
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RESULTS AND DISCUSSION 

 

In contrast to agar media, differentiation does not occur in liquid shaken cultures. 

So far, it was not reported whether formation of aerial hyphae and spores occurs in 

standing liquid cultures of S. coelicolor. To investigate this, S. coelicolor M145 

(Kieser et al., 2000) was grown at 30°C in polystyrene microtiter plates (Costar 

3370, Corning Inc.), or in petri dishes. Minimal NMMP medium (Kieser et al., 2000) 

was used in the absence of PEG6000 and supplemented with 25 mM glucose and 

0.25% casamino acids (gNMMP) or 25 mM mannitol (mNMMP) as carbon source. 

Alternatively, S. coelicolor was grown in the complete media TSB, R2YE or YEME. 

Spores or mycelium from a liquid shaken culture were used as inoculum. A 

submerged mycelium was produced in all media. In contrast, aerial hyphae were 

only formed in minimal medium (gNMMP and mNMMP). After three days of 

submerged growth in these media, colonies formed at the water-air interface from 

which aerial hyphae developed (Fig. 1A). These colonies were fixed at this interface 

by a rigid light-reflecting film that surrounded the colony. Scanning electron 

microscopy revealed that the film had no clear ultrastructure and was therefore not 

an extension of the rodlet layer that coats the aerial hyphae (Fig. 1F, G). The rigid 

film was rich in protein but did not contain SapB or rodlins as determined by 

immuno-detections with antibodies raised against these polypeptides (data not 

shown). The film could function as a fungal hydrophobin membrane by lowering the 

water surface tension (Wösten et al., 1999a). Colonies grown on gNMMP formed 

few aerial hyphae often restricted to radial zones or rings (Fig. 1B). In contrast, 

colonies grown on mNMMP formed a confluent layer of aerial hyphae (Fig. 1C). The 

aerial hyphae formed on both media metamorphosed into grey-pigmented spores 

(Fig. 1D, E).  

Viability of these spores was similar to that of spores isolated from agar 

cultures before and after freeze drying (results not shown). bld and whi mutants 

(bldJ261, bldD53 (Willey et al., 1993), bldH109 (Champness, 1988), bldA39 (Piret 

and Chater, 1985), whiA (J2401), whiB (J2402), whiG (J2400) (Flärdh et al., 1999), 

whiH (J2403; K. Flärdh, John Innes Centre, Norwich, UK), whiI (J2450) (Aínsa et 

al., 1999), whiJ (J2452; J.A. Aínsa, John Innes Centre, Norwich, UK)) did not form 

floating air interface colonies on gNMMP and mNMMP and consequently aerial 

hyphae could not be formed. However, submerged growth was unaffected as was 

shown by total protein determinations using the DC protein determination kit (Bio-

Rad).  
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 Fig. 1. Differentiating colonies of S. coelicolor at the air interface of standing liquid cultures. (A) Top view of a 

liquid standing culture grown on mNMMP. Young interface colonies grown on glucose (B) form aerial hyphae 

confined to rings or radial zones. In contrast, those grown on mannitol (C) form a confluent layer. Aerial hyphae of 

cultures grown on mNMMP (D) or gNMMP further differentiate to form grey pigmented spores, as could be observed 

in more detail by scanning electron microscopy (E). The colonies are fixed at the interface by a rigid film. This film 

has a different ultrastructural appearance than that of the rodlet layer covering aerial hyphae (F and G). Arrow 

heads indicate the position of spores. AH indicates aerial hyphae, fi indicates the rigid film. Bars represent 

respectively 1 cm (A), 100 µm (B, C and D), 10 µm (E), and 100 nm (F and G). 
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 The standing cultures studied may resemble flooded soil, a condition S. coelicolor 

may escape from by forming floating sporulating colonies. How the hyphae move 

from the lower zone in the liquid to the air interface to form a sporulating colony is 

intriguing since S. coelicolor has no means of motility by e.g. flagella. Within the 

genome sequence of S. coelicolor two gene clusters, SCO0649-SCO0658 and 

SCO6499-SCO6508, are present with homology to gas vesicle gene clusters from 

halophilic archaea and cyanobacteria (Bentley et al., 2002). It is therefore not 

unlikely that S. coelicolor forms gas vesicles to become buoyant to reach the air 

interface. 

In minimal medium, not only aerial hyphae were formed but submerged 

hyphae also attached to the hydrophobic surface of the microtiter plates. In 

contrast, hyphae did not adhere in the nutrient-rich media YEME, TSB, and R2YE. 

Attachment of hyphae grown in gNMMP and mNMMP was quantified using a staining 

assay with crystal violet, which was measured at OD590 (O’Toole et al., 1999; 

Reynolds and Fink, 2001). The number of attaching hyphae increased with culture 

age (Fig. 2) and correlated in a linear way with the increase in total biomass as 

measured by total protein determination (data not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Cultures grown on glucose formed more biomass than those grown on 

mannitol and more hyphae attached. The stationary phase was reached after seven 

and ten days of growth in gNMMP and mNMMP, respectively, after which the 

number of attaching hyphae no longer increased. Recently, it was shown that 

hyphae in contact with air or a hydrophobic solid produce rodlins. These proteins 

are involved in formation of the rodlet layer of aerial hyphae and mediate 

attachment to a hydrophobic surface (Claessen et al., 2002). The latter may be 

Fig. 2. Attachment of 

hyphae in standing liquid 

cultures of S. coelicolor 

grown on glucose ( ) or 

mannitol ( ) minimal 

media. OD590 represents 

the amount of crystal 

violet solubilized from 

crystal violet-stained 

adhering hyphae. 
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instrumental in the establishment of symbiotic or pathogenic interactions. For 

instance, streptomycetes have been shown to associate in a beneficial way to the 

cuticle of leave-cutting ants that grow fungi as their main source of food (Currie et 

al., 1999; Currie, 2001).  

Growing standing liquid cultures are expected to develop oxygen gradients. 

Indeed, using a sensitive Clark-type oxygen microsensor (Kühl and Revsbech, 

1998) it was shown that 7-day-old YEME and gNMMP cultures were anoxic at a 

depth of 0.7 and 2 mm, respectively (Fig. 3). Yet, biomass still increased as 

measured by total protein determinations (data not shown) indicating an active 

metabolism.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Standing mNMMP cultures also developed oxygen gradients but they were 

less steep and cultures did not become anoxic (Fig. 3). Apparently, diffusion 

matches the requirement for oxygen as can be explained by the reduced growth 

rate in this medium (Fig. 2).  Because steep oxygen gradients are present in soil 

(Sextone et al., 1985), S. coelicolor should be able to overcome or even grow 

under conditions with no or low amounts of oxygen. The genome sequence of S. 

coelicolor revealed gene clusters, e.g. genes SCO0216-SCO0219, SCO4947-

SCO4950, and SCO6532-SCO6535, that putatively encode a typical four-subunit 

respiratory nitrate reductase (Bentley et al., 2002). This protein is involved in 

anaerobic metabolism indicating that S. coelicolor possesses enzymes to 

accommodate metabolism under anoxic or microaerobic conditions. Because S. 

coelicolor did not form colonies at the air interface in anoxic nutrient-rich standing 

cultures, oxygen availability may not be the signal for their formation. 

Fig. 3. Oxygen profiles 

of 7-day-old standing 

cultures of S. coelicolor 

grown on YEME ( ), 

gNMMP ( ), or 

mNMMP ( ). Abiotic 

oxygen profiles of 

YEME ( ), gNMMP 

( ), and mNMMP ( ) 
served as controls. 
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In conclusion, standing cultures of S. coelicolor are an attractive model system to 

study a wide range of phenomena not studied thus far, such as attachment of 

streptomycetes to solids, differentiation at a liquid interface, and anaerobic 

metabolism. 
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SUMMARY 

 

The filamentous bacteria Streptomyces coelicolor and Streptomyces lividans exhibit 

a complex life cycle. After a branched submerged mycelium has been established, 

aerial hyphae are formed that may septate to form chains of spores. The aerial 

structures possess several surface layers of unknown nature that make them 

hydrophobic, one of which is the rodlet layer. We have identified two homologous 

proteins, RdlA and RdlB, that are involved in the formation of the rodlet layer in 

both streptomycetes. The rdl genes are expressed in growing aerial hyphae but not 

in spores. Immuno-localization showed that RdlA and RdlB are present at surfaces 

of aerial structures, where they form a highly insoluble layer. Disruption of both 

rdlA and rdlB in S. coelicolor and S. lividans (∆rdlAB strains) did not affect the 

formation and differentiation of aerial hyphae. However, the characteristic rodlet 

layer was absent. Genes rdlA and rdlB were also expressed in submerged hyphae 

that were in contact with a hydrophobic solid. Attachment to this substratum was 

greatly reduced in the ∆rdlAB strains. Sequences homologous to rdlA and rdlB occur 

in a number of streptomycetes representing the phylogenetic diversity of this group 

of bacteria, indicating a general role for these proteins in rodlet formation and 

attachment. 

 

INTRODUCTION 

 

Streptomycetes are Gram-positive soil bacteria that colonize moist substrates by 

forming a branched network of multinucleoid hyphae. At some stage during their 

life cycle, these bacteria are confronted with a hydrophobic environment. For 

instance, after a feeding substrate mycelium has been established, hyphae leave 

the aqueous environment to grow into the hydrophobic air. These aerial hyphae 

differentiate further by forming chains of uninucleoid cells, which metamorphose 

into pigmented spores. Spores or hyphae of streptomycetes may also encounter 

hydrophobic solids such as surfaces of dead or living organisms. When 

streptomycete hyphae leave their aqueous environment, they change their surface. 

Hyphae in a moist substrate are hydrophilic, whereas the surfaces of aerial hyphae 

and spores are hydrophobic.  

Formation of aerial structures has been best studied in Streptomyces 

coelicolor (for recent reviews, see Chater, 1998; 2001; Kelemen and Buttner, 

1998; Wösten and Willey, 2000). Bald (bld) mutants of S. coelicolor were isolated 
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that, when grown on rich medium, are affected in the formation of aerial structures 

and in the production of a small surface-active peptide called SapB (Willey et al., 

1991). Many of these mutants appear to be affected in an extracellular signalling 

cascade involved in the erection of aerial hyphae (Willey et al., 1993; Nodwell 

et al., 1996; 1999). Experimental evidence suggests the existence of at least five 

signalling molecules. It was hypothesized that each signal triggers the synthesis 

and release of the next signal, ultimately leading to the production and secretion of 

SapB (Willey et al., 1993; Nodwell et al., 1996). By lowering the water surface 

tension from 72 to 32 mJ m-2, SapB enables hyphae to breach the water-air 

interface to grow into the air (Tillotson et al., 1998). 

Aerial hyphae and spores of S. coelicolor have several surface layers that 

make them hydrophobic. One surface layer, called the rodlet layer, has a typical 

ultrastructure of a mosaic of 8- to 10-nm-wide parallel rods (Wildermuth et al., 

1971; Smucker and Pfister, 1978). The nature of the surface layers is not known. 

SapB is not expected to form one of these layers, as this peptide was localized in 

the culture medium but could not be detected at the surfaces of aerial structures 

(Wösten and Willey, 2000). 

The life cycle of filamentous fungi is very similar to that of the 

streptomycetes. They also form hydrophobic reproductive structures (e.g. aerial 

hyphae, fruiting bodies such as mushrooms, and spores) with rodlet-decorated 

surfaces. In this case, a film of highly insoluble self-assembled class I hydrophobin 

is responsible for this typical ultrastructure and the surface hydrophobicity (Wösten 

et al., 1993; 1994a). These proteins also mediate attachment to hydrophobic solids 

(Wösten et al., 1993; 1994b), such as to the surface of a host of a pathogenic 

fungus (Talbot et al., 1993; 1996). The latter is important during the initial stages 

of infection. 

We adopted here the protocol used previously to extract class I 

hydrophobins selectively from fungal aerial structures (Wessels et al., 1991a; 

1991b; de Vries et al., 1993). This protocol is based on the insolubility of self-

assembled class I hydrophobins in hot 2% SDS and their solubility in trifluoroacetic 

acid (TFA). Using this method, we identified two homologous proteins, designated 

rodlins (Rdl), that are involved in the formation of the rodlet layer on aerial 

structures of S. lividans and S. coelicolor and that also mediate attachment to 

hydrophobic surfaces. 
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METHODS 

 

Strains and plasmids 

 

Escherichia coli strains DH5α or JM110 were used for cloning purposes. S. coelicolor 

strains M145 (Kieser et al., 2000), J1700 (hisA1, uraA1, strA1, bldA39, Pgl-) (Piret 

and Chater, 1985), J774 (mthB2, cysD18, pheA1, agaA7, strA1, bldD, NF, SCP2) 

(Merrick, 1976), C109 (hisA1, uraA1, strA1, bldH109, Pgl-) (Champness, 1988) and 

J1820 (hisA1, uraA1, strA1, whiG71, Pgl-) (Méndez and Chater, 1987) were used as 

Table 1.  Vectors and constructs 

Plasmid  Description  Reference 

pIJ8600 E. coli-Streptomyces shuttle vector with pUC18 ori, oriT and 
attP site. It integrates at the φC31 attachment site in 

S. coelicolor and S. lividans  

 

Sun et al., 1999 

pIJ8630 E. coli-Streptomyces shuttle vector with pUC18 ori, oriT and 

attP site containing an eGFP gene adapted for codon usage in 
streptomycetes. It integrates at the φC31 attachment site in 

S. coelicolor and S. lividans  

 

Sun et al., 1999 

pIJ8630a  pIJ8630 containing the 262 bp S. coelicolor promoter region of 

rdlA with an NdeI site at the 3' end allowing translational 

fusions 

 

This work 

pIJ8630b  As pIJ8630a but with the promoter region of rdlB  

 

This work 

pC46a pBluescript II KS+ (Stratagene) containing a 4.5 kb SalI 

fragment of cosmid C46 (Redenbach et al., 1996) of S. 

coelicolor encompassing the coding sequences of rdlA and rdlB, 

their interspersed promoter region and flanking regions of 

0.8 kb (rdlA) and 2.5 kb (rdlB) 

 

This work 

pC46b pZErO-2.1 (Invitrogen) containing the SalI fragment described 

for pC46a 

 

This work 

pC46c pC46b derivative carrying a 1.4 kb SmaI fragment containing  

a hygromycin resistance cassette (Zalacaín et al., 1986) 

replacing a 0.8 kb BlpI-ScaI fragment encompassing rdlA, the 

5' end of the coding sequence of rdlB as well as their 

interspersed promoter region 

 

This work 

pC46d pC46c derivative with a 1.8 kb SmaI fragment containing an 

apramycin resistance cassette (Prentki and Krisch, 1984) 

cloned in the XbaI site of pC46c 

 

This work 

pSET-C46a pSET152 derivative (Bierman et al., 1992) containing the 

4.5 kb SalI fragment described for pC46a 

This work 
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well as S. lividans TK23 (Kieser et al., 2000), Streptomyces tendae Tü901/8c 

(Richter et al., 1998) and Streptomyces griseus (DSMZ 40236). Chromosomal DNA 

from Streptomyces scabies was kindly provided by Professor E.M.H. Wellington 

(University of Warwick, UK). Vectors and constructs are summarized in Table 1. 

 

Growth conditions and media 

 

Streptomyces strains were grown at 30°C on solid MS agar medium or in YEME 

medium as liquid shaken cultures (Kieser et al., 2000). The solid medium R2YE 

(Kieser et al., 2000) was used for regenerating protoplasts. To assess attachment 

to a hydrophobic solid, S. coelicolor and S. lividans were grown in NMMP (Kieser 

et al., 2000) in the absence of PEG 6000 and using 25 mM glucose as a carbon 

source in 96-well flat-bottomed microtiter plates (Costar, Corning). Before 

inoculation, spores, stored at -20°C in 20% glycerol, were taken up in NMMP to a 

final concentration of 5x106 spores ml-1. Flat-bottomed 96-well microtiter plates 

were filled with 200 µl of spore suspension per well. 

 

Molecular techniques 

 

Standard molecular techniques followed the methods described by Sambrook et al. 

(1989). Protoplast preparation and transformation were performed as described   

by Kieser et al. (2000) using alkali-denatured DNA (Oh and Chater, 1997). 

Chromosomal DNA of S. coelicolor and S. lividans was isolated according to the 

method of Verhasselt et al. (1989) and modified by the method of Nagy et al. 

(1995). Total RNA of S. coelicolor and S. lividans was isolated using the SV Total 

RNA isolation system (Promega) according to the method of Veenendaal and 

Wösten (1998). DNA and RNA were blotted on nylon filters (Boehringer, Mannheim) 

and hybridized under conditions described by Church and Gilbert (1984) at 60°C. 

Under these conditions, rdlA and rdlB do not cross-hybridize. Radioactively labelled 

probes were made using the oligolabelling kit (Pharmacia). 

 

Isolation of the rdlA and rdlB genes from S. coelicolor and S. lividans 

 

To isolate rdl genes from S. coelicolor M145 and S. lividans TK23, a degenerate 

oligonucleotide (SGCSGASAGSACSGASAGGTCCTCSAGSACGTGSGASAGSGCGCCGTC) 

representing the N-terminal sequence of the carboxy-terminal internal peptide of 

RdlA of S. lividans (see Results) was radioactively labelled and hybridized to the 
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cosmid library of S. coelicolor (Redenbach et al., 1996). Accession numbers for rdlA 

and rdlB are AJ315950 and AJ315951 respectively. 

 

Construction of the ∆rdlAB gene deletion plasmid pC46d 

 

The rdl genes were deleted by replacing a 0.8 kb BlpI-ScaI fragment of pC46b (see 

Table 1), containing the entire coding sequence of rdlA and 136 bp of that of rdlB 

as well as the interspersed promoter region, with a 1.4 kb SmaI fragment 

encompassing the hygromycin B resistance cassette (Zalacaín et al., 1986). This 

resulted in vector pC46c. To select for double cross-over events, plasmid pC46d 

was made by introducing a 1.8 kb SmaI fragment containing an apramycin 

resistance cassette (Prentki and Krisch, 1984) in the XbaI site of pC46c. 

 

Preparation of cell walls and protein extracts 

 

Filaments of S. coelicolor and S. lividans were fragmented at 20,000 psi using an 

SLM French pressure cell press. The homogenate was treated with 2% SDS for 

10 min at 100°C, after which the cell walls were fractionated from the cytoplasmic 

content by centrifugation at 10,000 g for 10 min. The cell wall fraction was 

extracted with hot 2% SDS once more, washed extensively with water and freeze 

dried. SDS-treated cell walls were then extracted with TFA (Wösten et al., 1993). 

After evaporating the solvent by a stream of air, extracts were taken up in SDS 

sample buffer (2% SDS, 20% glycerol, 0.02% bromophenol blue, 0.1 M Tris-HCl, 

pH 6.8, and 5% β-mercaptoethanol) and subjected to SDS-PAGE. If necessary, 

adjustments in pH were done by the addition of 25% ammonia. RdlA and RdlB were 

purified by taking up TFA extracts of SDS-treated cell walls in water without 

shaking. Insolubles were removed by centrifugation at 10,000 g for 15 min. 

 

Gel electrophoresis and Western blotting 

 

SDS-PAGE was performed in 16% gels according to the method of Laemmli (1970). 

Prestained broad-range molecular weight markers from Bio-Rad were used. After 

separation, proteins were stained with 0.25% Coomassie Brilliant Blue G-250 (CBB) 

or blotted onto a polyvinylidene fluoride (PVDF) membrane using semi-dry blotting. 

For N-terminal sequencing, a PVDF membrane was stained with CBB, and a slice of 

the membrane containing the protein was excised. After destaining with 30% 

methanol, the N-terminal sequence was determined using a pulse liquid sequencer 
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online connected to a PTH analyser (Eurosequence). To determine N-terminal 

sequences of internal peptides, the protein was eluted from the SDS-PAA gel 

followed by tryptic digestion. Peptides were sequenced after separation on a C18 

reversed phase high-performance liquid chromatography (HPLC) column. 

Polyclonal antibodies were raised against a mixture of the S. lividans RdlA 

and RdlB proteins, eluted from an SDS-PAA gel. Antibodies were purified with an 

acetone powder of mycelium from a liquid shaken culture (Harlow and Lane, 1988). 

PVDF membranes were treated with diluted anti-RdlA/RdlB serum (1:1000) as 

described previously (Harlow and Lane, 1988). 

 

Immuno-localization 

 

Fixation, embedding and immuno-labelling of cultures were performed as described 

previously (Wösten et al., 1994a) with the modification that K4M was substituted 

for Unicryl. Sectioned material was examined in a Philips CM10 electron 

microscope. Photographs were made on FGP Kodak film. 

 

Other electron microscopic techniques 

 

For cryo-scanning electron microscopy (SEM), sporulating cultures grown on solid 

MS medium were frozen in a mixture of liquid and solid nitrogen and sputter coated 

with gold/palladium. Examination was done at 5.0 kV in a JEOL field emission 

scanning electron microscope type 6301F. 

 

Attachment assay 

 

To quantify attachment of S. coelicolor and S. lividans to the surface of polystyrene 

microtiter plates, 25 µl of 0.5% crystal violet (Acros Organics) was added to each 

well and incubated for 10 min to stain cell material. Wells were washed vigorously 

with water using a Vaccu-Pette/96 (Sigma), removing all non-adherent cells. After 

drying overnight at 30°C, the crystal violet associated with the attached material 

was dissolved in 200 µl of 10% SDS (Reynolds and Fink, 2001) for 30 min under 

shaking conditions (900 rpm). A sample of 100 µl was transferred to a new well to 

determine the OD570 in a microtiter plate reader. If necessary, dilutions were made 

in 10% SDS. Total biomass was determined using the DC protein assay (Bio-Rad) 

after treating the material at 100°C for 30 min in 0.2% SDS/1 M NaOH. Bovine 

serum albumin (BSA) was used as a standard. 
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RESULTS 

 

Identification of an abundant SDS-insoluble cell wall protein specifically 

present in aerial structures of S. coelicolor and S. lividans 

 

Cell walls from 5-day-old sporulating cultures of S. coelicolor and S. lividans grown 

on solid medium were treated with 2% SDS at 100°C. The SDS-extracted cell walls 

were washed with water, lyophilized and extracted with TFA. SDS-PAGE of the SDS-

soluble fraction showed a complex pattern of polypeptides (results not shown). 

Among the cell wall proteins of S. coelicolor and S. lividans that were insoluble in 

hot SDS but soluble in TFA, an abundant polypeptide, called Rdl, was observed with 

an apparent molecular weight of 18 kDa (Fig. 1A, lane 2). This protein was absent 

in a TFA extract of SDS-treated cell walls from a 3-day-old liquid shaken culture of 

S. lividans (Fig. 1A, lane 1). Western analysis with anti-bodies raised against Rdl 

showed the absence of Rdl in the SDS-soluble fraction of cultures of both 

streptomycetes grown in liquid or on solid medium (results not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

The presence of Rdl correlated with the presence of aerial hyphae. Rdl was 

absent in cell walls from 1-day-old surface-grown cultures that had not yet formed 

aerial hyphae (Fig. 1B). Similarly, Rdl was absent in cell walls from 1- to 7-day-old 

cultures of the bld mutants bld261, bldD and bldH of S. coelicolor grown on solid or 

liquid medium (results not shown). In contrast, the protein was abundantly present 

in cultures of S. lividans TK23 that had formed a confluent layer of aerial hyphae on 

Fig. 1. Rdl is a protein present in cultures of 

S. coelicolor and S. lividans forming aerial 

structures. (A) SDS-PAGE analysis of TFA 

extracts of SDS-treated cell walls from a 3-day-

old liquid shaken culture (lane 1) and a 5-day-old 

sporulating culture of S. lividans (lane 2). Rdl 

extracted with TFA from the latter culture is the 

main protein that is soluble in water (lane 3). 

Arrow indicates the position of Rdl. Molecular 

weights are given in kDa. (B) Western analysis of 

TFA extracts of SDS-treated walls from 1-day-old 

(lane 1), 2-day-old (lane 2), 3-day-old (lane 3), 

4-day-old (lane 4) and 7-day-old (lane 5) 

cultures of S. lividans grown on solid medium 

using antibodies raised against Rdl. Cultures 

formed aerial hyphae at day 2 and started to 

sporulate at day 3. Similar results were obtained 

with S. coelicolor. 
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solid medium after 2 days of growth. The amount of Rdl did not change during the 

following 5 days when aerial hyphae differentiated further to form chains of spores 

(Fig. 1B). Similar results were obtained with S. coelicolor M145 and S. coelicolor 

whiG, although aerial hyphae formation was delayed compared with S. lividans (see 

below).  

When water was added instead of 2% SDS to a TFA extract of SDS-treated 

cell walls from a culture forming aerial hyphae, Rdl was the main protein that 

dissolved (Fig. 1A, lane 3). These data indicate that, under physiological conditions, 

Rdl is an SDS-insoluble cell wall protein present in cultures of S. coelicolor and S. 

lividans forming aerial structures. 

 

Cloning and characterization of the rdl genes of S. coelicolor and S. lividans 

 

N-terminal sequencing revealed that the Rdl protein band running at the 18 kDa 

position was in fact a mixture of two similar proteins, called RdlA and RdlB, with 

slightly different N-termini. In addition, the N-termini of two internal peptides were 

determined that resulted from a tryptic digestion of a mixture of RdlA and RdlB. A 

radioactive degenerated oligonucleotide based on one of the peptides was used to 

screen the cosmid library of S. coelicolor (Redenbach et al., 1996). The 

oligonucleotide hybridized to the overlapping cosmids C46 and C61. The hybridizing 

fragment of C46 was contained on a 4.5 kb SalI fragment. This fragment was 

cloned in the pBluescript II KS+ SalI site and partially sequenced. An open reading 

frame (ORF) was identified that encodes a putative polypeptide of 131 amino acids, 

starting with a putative signal sequence for secretion of 28 amino acids followed by 

a sequence corresponding to the determined N-terminal sequence of RdlA as found 

in the cell wall (mature RdlA). The N-terminal sequences of both internal peptides 

were also identified in the ORF. The rdlB gene, divergently transcribed from rdlA, 

was identified 262 bp upstream of the start codon of rdlA. It encodes a protein very 

similar to that encoded by rdlA (68.7% identity, 83.2% similarity; see accession 

numbers AJ315950 and AJ315951) and contains the determined N-terminus of 

mature RdlB preceded by a putative signal sequence of 28 amino acids. 

The coding sequences of rdlA and rdlB hybridized to the same unique 

fragments of genomic DNA of S. coelicolor and S. lividans digested with a variety of 

enzymes. For instance, a 4.5 kb SalI fragment of genomic DNA from S. coelicolor 

and S. lividans hybridized to both rdlA and rdlB. A slightly larger genomic fragment 

hybridized after digestion with BlpI, whereas digestion with PstI resulted in a 

fragment of about 8 kb (data not shown). The complete genome sequence of 
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S. coelicolor (http://www.sanger.ac.uk/Projects/S_coelicolor/) did not reveal other 

sequences homologous to rdlA and rdlB. 

Using polymerase chain reaction (PCR) and primers based on rdlA and rdlB 

of S. coelicolor, the homologues of S. lividans were isolated. Their sequences were 

identical to those of S. coelicolor. Genomic DNA from Streptomyces tendae, 

Streptomyces griseus and the potato pathogen Streptomyces scabies hybridized 

with probes directed against the coding sequences of rdlA and rdlB (data not 

shown). Genomic DNA from actinomycetes not belonging to the streptomycetes, 

i.e. Amycolatopsis mediterranei and Rhodococcus erythropolis, did not hybridize 

with either probe, even under low stringency (data not shown). 

 

rdlA and rdlB are expressed in aerial hyphae 

 

Total RNA was isolated from cultures of S. coelicolor M145 and S. lividans TK23 

grown in liquid or solid medium. After separation on a formaldehyde gel and 

blotting to a nylon membrane, RNA was hybridized with a probe representing the 

coding sequence of rdlA (Fig. 2) or rdlB (not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Temporal expression of rdlA in S. lividans and S. coelicolor grown on solid medium. Northern blots were 

rehybridized with 16S rDNA to confirm that lanes contained equal amounts of RNA. Identical results were obtained 

using the coding sequence of rdlB as a probe. 
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Accumulation of mRNA from the rdl genes in S. lividans was only observed at day 

2, coinciding with the formation of a confluent layer of aerial hyphae (Fig. 2). No 

accumulation of rdl mRNAs was observed in 1-day-old cultures growing submerged 

only or in 3-day-old sporulating cultures. mRNA from the rdl genes in S. coelicolor 

accumulated at days 2-4. Formation of aerial hyphae in this streptomycete was 

delayed compared with that in S. lividans. It started at day 2, but a confluent layer 

was not observed until day 4. As a consequence, the formation of aerial hyphae and 

sporulation partially overlapped (Fig. 2). From these data and the fact that 

accumulation of rdl mRNA was not observed in liquid shaken cultures throughout 

growth (not shown), we conclude that rdl expression correlated with the formation 

of aerial hyphae. 

To determine the spatial expression of rdlA and rdlB, both orientations of the 

262 bp intergenic region of the rdl coding sequences were cloned in vector pIJ8630 

in front of the coding sequence of an enhanced green fluorescent protein (eGFP) 

with an adapted codon usage for S. coelicolor and S. lividans (Sun et al., 1999). 

This resulted in plasmids pIJ8630a and pIJ8630b. Spores from wild-type strains of 

S. coelicolor and S. lividans and transformants containing either construct were 

inoculated as a lawn on an object glass with a thin layer of agar medium. It 

appeared that wild-type strains of S. coelicolor were highly autofluorescent, but 

autofluorescence of S. lividans was negligible. Fluorescence in colonies of S. lividans 

transformed with either eGFP construct was observed at the outer part of the 

colony after 2 days of growth, correlating with the area in which aerial hyphae were 

formed (Fig. 3A), and was absent in wild-type (Fig. 3B). When growth was 

prolonged, fluorescence in this zone decreased to wild-type levels but increased in 

the central zone, coinciding with the formation of aerial hyphae. At higher 

magnification, it was observed that aerial hyphae but not submerged hyphae were 

fluorescent (Fig. 3E). No fluorescence was observed in the wild-type strain at this 

magnification (Fig. 3F). These results show that the rdl genes are expressed in 

developing aerial hyphae. 
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Fig. 3. Spatial expression of rdlA in 2-day-old-cultures of S. lividans grown on solid medium visualized using eGFP 

as a reporter. Fluorescence of GFP was observed in transformants in a zone where aerial hyphae were formed (A), 

but not in a wild-type colony (B). At higher magnification, light microscopy showed a dense mycelium in the zone 

where the transformant (C) and the wild-type (D) formed aerial hyphae. However, fluorescence of GFP was 

restricted to aerial hyphae of transformants being focused in the upper plane of the sample (E), wild-type aerial 

hyphae serving as a negative control (F). Identical results were obtained with an S. lividans strain expressing eGFP 

under the control of the rdlB promoter. Bar represents 500 µm (A and B) and 25 µm (C-F). 
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Fig. 4. Immuno-localization  

of RdlA and RdlB in 

submerged (A) and aerial (B) 

hyphae of S. coelicolor. Bars 

represent 0.5 µm. 

RdlA and RdlB are localized at the outer surface of aerial hyphae and 

spores 

 

RdlA and RdlB were localized using an antiserum raised against a mixture of RdlA 

and RdlB from S. lividans. Immuno-labelling was observed at the outer surface of 

aerial hyphae and spores of S. lividans and S. coelicolor (Fig. 4B). Some label was 

also found within the cell walls of the aerial structures. The reactive layer at the 

outer surface was sometimes detached, indicating that it is a discrete layer. The 

antiserum reacted neither with submerged hyphae of wild-type strains of 

S. coelicolor and S. lividans (Fig. 4A) nor with hyphae of the bld261, bldD and bldH 

mutants of S. coelicolor. In contrast, aerial hyphae of a whiG mutant of S. coelicolor 

were labelled (data not shown). 

 

 

 

 

 

 

Disruption of rdlA and rdlB does not affect the formation of aerial 

structures but does affect the formation of the rodlet layer 

 

As expression profiles of rdlA and rdlB were similar, these genes may be redundant. 

Therefore, both genes were inactivated in S. coelicolor M145 and S. lividans TK23 

using deletion construct pC46d. The complete coding sequence of rdlA, most of the 

coding sequence of rdlB and the intergenic region were replaced by a hygromycin B 

resistance cassette. Gene replacement was confirmed by Southern analysis. To 

exclude interference from the replacement of rdlA and rdlB with transcription of 

upstream and downstream genes, Northerns were probed with ORF SCC46.02c 

located 288 bp upstream of rdlA and rdlB and ORF SCC46.05c located 89 bp 

downstream of these genes. Accumulation of mRNA was similar in wild-type and 

disruptant strains grown on solid media. 
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Germination of spores, growth rates and differentiation of aerial hyphae into spores 

were similar in wild-type and ∆rdlAB strains using a variety of media and culture 

conditions (data not shown). In addition, no difference could be observed in the 

viability of spores after freeze-drying or drying spores in the air. Surface 

hydrophobicity was also unaffected (van der Mei et al., 1991). Wild-type strains of 

S. coelicolor and S. lividans showed water contact angles of 124 ± 5°, whereas 

those of disruptant strains were 133 ± 6° 

and 126 ± 3° respectively.  

To analyse whether the disruption 

of rdlA and rdlB affects the formation of 

the rodlet layer at surfaces of aerial 

hyphae and spores, wild-type and ∆rdlAB 

strains were analysed using scanning 

electron microscopy. In contrast to the 

wild-type strains, no rodlets were 

observed at the surfaces of aerial hyphae 

and spores from S. coelicolor ∆rdlAB6 

(Fig. 5) and S. lividans ∆rdlAB3 (data not 

shown). Integration of the 4.5 kb SalI 

fragment encompassing both rdl genes 

into the genomic attP site of the null 

mutants of S. coelicolor and S. lividans 

restored rodlet formation (see Fig. 5). 

 

 

 

 

 

 

 

Disruption of the rdl genes affects the attachment of hyphae to polystyrene 

 

Expression of rdlA and rdlB in hyphae confronted with a hydrophobic solid was 

studied by growing S. lividans strains transformed with plasmid pIJ8630a or 

pIJ8630b (see above) in 96-well plates in liquid medium without shaking, followed 

by analysis of eGFP expression. Under this condition, no autofluorescence was 

Fig. 5. Scanning electron microscopy revealed that 

rodlets are present on spores of a wild-type strain of 

S. coelicolor (A) but are absent in S. coelicolor ∆rdlAB6 

(B). Rodlet formation was restored in a genetically 

complemented strain of S. coelicolor ∆rdlAB6 (C). 

Similar results were obtained with S. lividans ∆rdlAB3. 

Bars represent 100 nm. 
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observed. Hyphae not in contact with the hydrophobic surface of the microtiter 

plate were not fluorescent throughout culturing (Fig. 6C). In contrast, hyphae in 

contact with the solid did express eGFP (Fig. 6D). 

 

 

 

 

 

 

 

 

 

 

 

 

A role for RdlA and RdlB in attachment was studied by growing cultures in 

microtiter plates, followed by staining with crystal violet and thorough washing to 

remove all unattached cells. Throughout culturing, attachment of S. coelicolor 

∆rdlAB6 was only 10-50% compared with that of the wild-type strain (Fig. 6A and 

B). Similar results were obtained with S. lividans (data not shown). Attachment of 

the ∆rdlAB strains could not be restored by integrating the 4.5 kb SalI fragment 

encompassing both rdl genes into the genomic attP site. As the reason for this was 

not clear, two additional independent null mutants were analysed for their capacity 

to adhere to the microtiter plate. Similar results were obtained to those with 

∆rdlAB6 and ∆rdlAB3 confirming that the rodlins are involved in attachment. 

 

DISCUSSION 

 

The lifecycle, the mode of growth and the ecological niches of streptomycetes are 

remarkably similar to those of filamentous fungi. Yet, these microbes belong to 

different kingdoms that diverged early in evolution. Spores of both groups 

germinate and form a mycelium that colonizes moist substrates. This mycelium 

consists of filaments that are surrounded by rigid walls and grow at their apices. 

After a submerged feeding mycelium has been established, filaments may leave the 

substrate to form spore-bearing aerial structures. The aerial structures of most 

species are hydrophobic and characterized by rodlet-decorated surfaces. 

Fig. 6. S. coelicolor wild-type strain M145 attaches more strongly to a polystyrene microtiter plate (A) than strain 

∆rdlAB6 (B), as visualized by staining attached hyphae with crystal violet. Similar results were obtained with 

S. lividans. Expression of rdlA and rdlB in S. lividans during attachment was studied using eGFP as a reporter. 

Fluorescence was not observed in hyphae that were loosely, if at all, attached (C), whereas GFP accumulated in 

hyphae firmly attached to the polystyrene surface (D). Bar represents 25 µm. 
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The formation of aerial hyphae has been described as a two-step process (Wösten 

et al., 1999a). Although oversimplified, given the genetic complexity of this 

differentiation process, this model is a means to begin to understand aerial growth. 

In the first step, the water surface tension is dramatically reduced from 72 to 

32 mJ m-2, enabling hyphae to breach the colony surface-air interface (Wösten 

et al., 1999a). In the second step, the aerial hyphae are coated with a hydrophobic 

rodlet layer. In filamentous fungi it has been shown that hydrophobins both lower 

the surface tension and form the rodlet-decorated hydrophobic coating (Wösten 

et al., 1993; 1994a; 1999a; Wösten, 2001). Filamentous bacteria appear to have 

evolved different molecules to lower the surface tension and to coat the aerial 

hyphae (Wösten and Willey, 2000). S. coelicolor lowers the water surface tension 

by secreting a small surface-active peptide called SapB (Tillotson et al., 1998; 

Willey et al., 1991; 1993). We identified here the proteins that form the rodlet 

layer. So far, this is the first example of structural proteins coating aerial structures 

of filamentous bacteria. These proteins, called rodlins, were isolated adopting the 

procedure used selectively to extract the hydrophobins from cell walls of fungal 

aerial structures. Despite their remarkable resemblance in solubility characteristics, 

rodlins are not related to the fungal hydrophobins. Apparently, distinct proteins can 

form a surface layer with a similar ultrastructural appearance. The rodlet layers 

found in streptomycetes are probably all formed by rodlins, as the encoding genes 

in S. lividans and S. coelicolor, rdlA and rdlB, hybridized to genomic DNA from five 

different streptomycetes representing the phylogenetic diversity of this group of 

bacteria. 

Inactivation of the SC3 hydrophobin gene in S. commune affected the 

formation of aerial hyphae. Those aerial hyphae formed were hydrophilic (van 

Wetter et al., 1996). In contrast, deletion of both rdl genes in S. coelicolor and 

S. lividans neither affected the formation of aerial hyphae nor surface 

hydrophobicity. Apparently, the rodlet layer is not involved in the formation of 

aerial hyphae. This can be explained by the fact that SapB mediates escape of 

hyphae into the air by lowering the water surface tension whereas, apart from the 

rodlin layer, other layers render aerial hyphae hydrophobic. Hydrophobins have 

been shown to mediate the attachment of fungal hyphae to hydrophobic surfaces 

(Wösten et al., 1994b), such as the hydrophobic surface of a host of a plant 

pathogen (Talbot et al., 1993; 1996). Attachment to a hydrophobic surface was 

also strongly decreased in ∆rdlAB strains of S. coelicolor and S. lividans. Yet, by 

expressing the rdl genes at the attP locus in the genome, attachment could not be 

complemented. The reason for this is not yet clear but may result from different 
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expression levels at this ectopic site, interfering with the proper formation of the 

attaching layer. Adhesion of streptomycetes to hydrophobic surfaces may play a 

role during invasive growth of wood being rich in hydrophobic lignin. In pathogenic 

streptomycetes (e.g. the potato pathogen Streptomyces scabies), homologues of 

RdlA and RdlB may be instrumental in pathogenicity by attaching the pathogen to 

the host. 
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SUMMARY 

 

Streptomycetes exhibit a complex morphological differentiation. After a submerged 

mycelium has been formed filaments grow into the air to septate into spores. A 

class of eight hydrophobic secreted proteins, ChpA-H, was shown to be 

instrumental in development of Streptomyces coelicolor. Mature forms of ChpD-H 

are up to 63 amino acids in length, while those of ChpA-C are larger (± 225 aa). 

ChpA-C contain two domains similar to ChpD-H as well as a cell wall sorting signal. 

The chp genes were expressed in submerged mycelium (chpE and chpH) as well as 

in aerial hyphae (chpA-H). Formation of aerial hyphae was strongly affected in a 

strain in which 6 chp genes were deleted (∆chpABCDEH). A mixture of ChpD-H 

purified from cell walls of aerial hyphae complemented the ∆chpABCDEH strain 

extracellularly, while it accelerated development in the wild-type strain. The protein 

mixture was highly surface active and self-assembled into amyloid-like fibrils at the 

water-air interface. The fibrils resembled those of a surface layer of aerial hyphae. 

We thus conclude that the amyloid-like fibrils of ChpD-H lower the water surface 

tension to allow aerial growth and cover aerial structures rendering them 

hydrophobic. ChpA-C possibly bind ChpD-H to the cell wall. 

 

INTRODUCTION 

 

Streptomyces coelicolor is a representative of the group of soil-dwelling, 

filamentous bacteria responsible for producing most natural antibiotics used today 

in medicine. It has become a model organism to study bacterial differentiation with 

the great advantage of the availability of the complete genome sequence (Bentley 

et al., 2002). Its life cycle resembles that of filamentous fungi. After a feeding 

submerged mycelium is established, aerial hyphae are formed that eventually 

septate into chains of spores. These spores are dispersed by wind or insects to give 

rise to a new vegetative mycelium.  Surface characteristics change dramatically 

when submerged hyphae grow into the air. Surfaces of submerged hyphae are 

hydrophilic, while those of aerial hyphae and spores are hydrophobic. This change 

in surface hydrophobicity may prevent backgrowth of hyphae into the moist 

substrate, facilitates dispersal of spores and mediates attachment to hydrophobic 

surfaces such as that of a host.  

Aerial growth and differentiation in S. coelicolor has been defined genetically 

by the isolation of bld mutants that lack aerial hyphae and, therefore, have a ‘bald’ 
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appearance (for reviews see Chater 1998; 2001; Kelemen and Buttner, 1998; 

Wösten and Willey, 2000). This phenotype correlates with the failure to produce 

and secrete SapB (Willey et al., 1991; 1993). SapB is a small peptide of 18 amino 

acids with a high surface activity. By lowering the water surface tension of the 

aqueous environment from 72 to 32 mJ m-2, SapB enables hyphae to overcome the 

physical barrier posed by the medium-air interface (Tillotson et al., 1998). SapB is 

produced on complex agar media but not on minimal media supplemented with 

mannitol or arabinose (Willey et al., 1991). On the latter media other molecules are 

expected to fulfil a role similar to that of SapB.  

Application of purified SapB to growing colonies of S. coelicolor bld mutants 

restores the capacity to form aerial hyphae that, however, do not sporulate 

(Tillotson et al., 1998). The vegetative nature of these aerial hyphae indicates that 

SapB enables hyphae to grow into the air but has no role as a signalling molecule in 

differentiation. A function of SapB once hyphae have escaped the aqueous 

environment is also not envisaged since it could only be detected in the medium 

but not at surfaces of aerial hyphae and spores (Wösten and Willey, 2000). Thus, 

the change in surface characteristics accompanying aerial growth should be 

attributed to other molecules.   

Aerial hyphae and spores of streptomycetes possess a surface layer, called 

the rodlet layer, with a typical ultrastructure of a mosaic of 8- to 10-nm-wide 

parallel rods (Wildermuth et al., 1971; Smucker and Pfister, 1978; Claessen et al., 

2002). Two homologous proteins, the rodlins RdlA and RdlB, are necessary for 

formation of this layer (Claessen et al., 2002). RdlA and RdlB are secreted into the 

cell wall of growing aerial hyphae, where they form a highly stable insoluble surface 

layer. Deletion of both rdl genes resulted in loss of the rodlet layer (Claessen et al., 

2002). Interestingly, the water-repellent nature of aerial hyphae and spores was 

not affected implying the existence of other hydrophobic compounds. In this study 

we describe the identification and characterization of these molecules that comprise 

a novel class of proteins, called chaplins. Chaplins lower the water surface tension 

of the aqueous environment, thus enabling hyphae to grow into the air, and coat 

aerial structures making them hydrophobic. They function by self-assembly into 

amyloid-like fibrils. 
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METHODS 

 

Strains and plasmids 

 

Cloning was done in Escherichia coli DH5α, SCS110 or BW25113 (Datsenko and 

Wanner, 2000). E. coli ET12567 containing pUZ8002 was used for conjugation to 

Streptomyces coelicolor. S. coelicolor strains M145 (Kieser et al., 2000), ∆rdlAB6 

(Claessen et al., 2002), bldJ261, bldD53 (Willey et al., 1993), bldH109 (Champness 

1988), bldA39 (Piret and Chater, 1985) were used in this study as well as 

Streptomyces lividans TK23 (Kieser et al., 2000), Streptomyces tendae Tü901/8c 

(Richter et al., 1998) and Streptomyces griseus  (DSMZ 40236). Vectors and 

constructs are summarized in Table 1.  

 

 

Table 1.  Vectors and constructs used in this study 

Plasmid  Description  Reference 

pGEM-T E. coli vector for cloning PCR fragments amplified with TAQ 

DNA polymerase 

 

Promega 

pGEM-chpA-H pGEM-T containing a 244 bp internal fragment of chpA, a 

377 bp internal fragment of chpB, a 232 bp internal 

fragment of chpC, the coding sequence of chpD, a 199 bp 

internal fragment of chpE, a 178 bp internal fragment of 

chpF, the coding sequence of chpG, and a 119 bp internal 

fragment of chpH, respectively 

 

This work 

pIJ8630 E. coli-Streptomyces shuttle vector with pUC18 ori and oriT 

containing an eGFP-gene adapted for codon usage in 

streptomycetes.  

 

Sun et al., 1999 

pIJ8630-chpA, 

C, G, H 

pIJ8630 containing the 175 bp promoter region of chpA, 

the 179 bp promoter region of chpC, the 300 bp promoter 

region of chpG and the 132 bp promoter region of chpH, 

respectively, with NdeI sites at the 3’ end allowing 

translational fusions. 

This work 
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Growth conditions and media 

 

Streptomyces strains were grown at 30 °C on solid MS or R5 medium (Kieser et al., 

2000) or on solid or liquid modified NMMP medium (van Keulen et al., 2003). The 

solid medium R5 was used for regenerating protoplasts. YEME medium was used for 

liquid shaken cultures (Kieser et al., 2000). 

 

Molecular techniques 

 

Standard molecular techniques followed Sambrook et al. (1989). Protoplast 

preparation and transformation were performed as described by Kieser et al. 

(2000). Chromosomal DNA of S. coelicolor strains was isolated according to 

Verhasselt et al. (1989) and modified by Nagy et al. (1995). Total RNA of 

S. coelicolor was isolated using the SV Total RNA Isolation System (Promega) 

according to Veenendaal and Wösten (1998) and 5 µg was loaded on gel. DNA and 

RNA were blotted on Nylon filters (Boehringer, Mannheim) and hybridized at 63 °C 

under conditions described by Church and Gilbert (1984). Under these conditions, 

cross-hybridization between the different chp genes was weak, if present at all. 

Probes were radioactively labelled using the Prime-a-Gene® Labelling kit 

(Promega). 

 

Construction of the S. coelicolor M145 chp deletion strains 

 

Gene deletions were made in S. coelicolor M145 using the Redirect© technology as 

described (Gust et al., 2002; 2003). Gene replacements of chpAD, chpB, chpCH or 

chpE were made with the apramycin resistance cassette. For the deletion of chpCH 

in the ∆chpAD strain the aadA spectinomycin-streptomycin resistance cassette was 

used, resulting in ∆chpACDH. For the deletion of chpB in the ∆chpACDH strain the 

viomycin resistance cassette was used (∆chpABCDH). The FLP recombinase was 

used to remove the apramycin cassette in the ∆chpABCDH strain (Gust et al., 

2002; 2003), enabling us to reuse this cassette to delete chpE. This resulted in the 

∆chpABCDEH strain. Primers used for the Redirect© technology are listed in Table 2. 

Gene deletions were confirmed by Southern analysis. 
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Preparation of cell walls and protein extracts 

 

Filaments of S. coelicolor were fragmented at 14,000 psi using an SLM 

French® Pressure Cell Press. The homogenate was treated with 2% SDS for 10 min 

at 100 °C, after which the cell walls were fractionated from the cytoplasmic content 

by centrifugation at 10,000 g for 10 min. The cell wall fraction was extracted with 

hot 2% SDS once more, extensively washed with water and freeze dried. SDS-

treated cell walls were then extracted with TFA (de Vries et al., 1993; Wösten et 

al., 1993; Claessen et al., 2002). After evaporating the solvent by a stream of air, 

extracts were taken up in water for extracellular complementation studies, 0.1% 

TFA for MALDI-TOF analysis or SDS sample buffer (2% SDS, 20% glycerol, 0.02% 

bromophenol blue, 0.1 M Tris-HCl, pH 6.8 and 5% β-mercaptoethanol) for SDS-

PAGE. If necessary, adjustments of pH were done by addition of 25% ammonia.  

 

Gel electrophoresis and Western blotting 

 

SDS-PAGE was done in 16% gels according to Laemmli (1970). Prestained broad 

range molecular weight markers of Bio-Rad were used. After separation, proteins 

were stained with 0.25% Coomassie Brilliant Blue G-250 (CBB) or silver, or blotted 

onto a polyvinylidene fluoride (PVDF) membrane using semi-dry blotting. For N-

terminal sequencing, a PVDF membrane was stained with CBB and slices of the 

membrane containing the protein were excised. After destaining with 30% 

methanol, N-terminal sequences were determined on an Applied Biosystems 476A 

automated sequencer (NAPS Unit, University of British Columbia, Vancouver, 

Canada).  

 

Table 2.   Primers used for the chp gene deletions using the Redirect© technology 

Primer  Sequence (5’-3’)  

∆chpAD forward CGTCATTCAGGCATGACCGCAGAGAAGGGAAAGTTCATGATTCCGGGGATCCGTCGACC 

∆chpAD reverse GGACCGGCCGGGGGCGTCGGGGTGGCGGGGGTGGGGTCATGTAGGCTGGAGCTGCTTC 

∆chpB forward ACTGCCCGCGACCATGTCTGGAAGGCAGGGAGCCTCATGATTCCGGGGATCCGTCGACC 

∆chpB reverse CCGCCCTGACGGCGCGGGTGCCCCCGGTCGACGCGGTCATGTAGGCTGGAGCTGCTTC 

∆chpCH forward CAATTTTGGGATCGCGTTTGCCAACTAGGAGGAACAATGATTCCGGGGATCCGTCGACC 

∆chpCH reverse GGTGCGGAGCCCGCTGCGTGTACCGGTGCGCCCGCCTCATGTAGGCTGGAGCTGCTTC 

∆chpE forward GGCGACTGCCGCGGCGATCGCAAGGAGGGGTTGTAAGTGATTCCGGGGATCCGTCGACC 

∆chpE reverse GCCCGCTGCTGAGGCGGCATTGGGGGGCGGCCTGCGTCATGTAGGCTGGAGCTGCTTC 
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Mass analysis 

 

Matrix assisted laser desorption-ionization mass spectrometry (MALDI-TOF) was 

used to determine masses of proteins in TFA extracts of SDS-treated cell walls of 

cultures forming aerial hyphae. Proteins were taken up in 0.1% TFA and mixed with 

an equal volume of matrix solution (20 mg ml-1 sinapinic acid in 40/60 (v/v) 

acetonitril/0.1% TFA). 2 µl of the mixture was dried down on a target. Spectra were 

recorded on a TofSpec E&SE Micromass spectrometer. 

 

Electron microscopic techniques 

 

2 µl aliquots of aqueous solutions of TFA extracts of SDS-treated cell walls (50 µg 

protein ml-1) were dried down on Formvar-coated nickel grids. Surface shadowing 

with Pt/C was done at an angle of 45°. For cryo-scanning electron microscopy 

cultures grown on solid R5 or MS medium were frozen in a mixture of liquid and 

solid nitrogen and sputter-coated with gold/palladium. Examination was done at 5.0 

kV in a JEOL field emission scanning electron microscope type 6301F. For freeze-

fracture observations, spores were frozen in a mixture of solid and liquid nitrogen. 

Freeze-fracturing was done in a Polaron freeze-etch apparatus equipped with a 

Balzers EVM 052 unit. Replicas of Pt/C were cleaned for 16 h in 40% chromic acid 

at room temperature. 
 

Circular dichroism and fluorescence spectroscopy  

 

CD-spectra of mixtures of ChpD-H were recorded over the wavelength region 190-

250 nm on an Aviv 62A DS Circular Dichroism spectrometer, using a 5 mm quartz 

cuvette. The temperature was kept constant at 25 °C and the sample compartment 

was flushed with N2 continuously. Spectra are the average of three scans using a 

band width of 1 nm, a step width of 1 nm and 5 seconds averaging per point. The 

spectra were corrected by using a reference solution without the protein. Typically, 

a TFA extract of 5 mg of SDS-treated cell wall material was used. After evaporating 

the solvent by a stream of air, the extract was taken up in 250 µl of water. The 

secondary structure at the air-water interface was determined by vortexing 

aqueous solutions for 1 min. To determine whether ChpD-H form amyloid-like 

fibrils, aqueous solutions of the protein mixture were incubated with 3 µM ThT. 

Emission spectra between 470-600 nm (excitation = 450 nm) were determined on 

a Jobin Yvon Horiba Fluorolog. 
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Fig. 1. (A) SDS-PAGE analysis of TFA extracts of SDS-treated cell walls of sporulating cultures of S. coelicolor 

M145∆rdlAB (lane 1) and wild-type strain M145 (lane 2). A faint smear is observed between 5-10 kDa consisting of 

a mixture of 5 small proteins, called ChpD-H, with masses ranging from 5071 to 5994 Da as determined by MALDI-
TOF mass spectrometry (B).  

Surface activity 

 

To measure surface activity, the pendant droplet technique was used. Typically, 

drops of 5-10 µl were measured with the Krüss Drop Shape Analysis System DSA10 

Mk2 according to instructions of the manufacturer. 

 

RESULTS 

 

Identification and characterization of the chaplins of S. coelicolor 

 

Recently, RdlA and RdlB of S. coelicolor were identified as TFA-extractable proteins 

that form an SDS-insoluble layer at the outer surface of aerial hyphae. Deleting the 

rdlA and rdlB genes resulted in the absence of the outer rodlet layer but did not 

affect surface hydrophobicity (Claessen et al., 2002). To isolate the molecules that 

are involved in the surface hydrophobicity of aerial structures, a TFA extraction was 

performed on SDS-extracted cell walls from a 5-day-old sporulating culture of an 

S. coelicolor strain in which both rdlA and rdlB are deleted (M145∆rdlAB). SDS-

PAGE of the TFA extract followed by staining with CBB, revealed a faint smear 

between 5 and 10 kDa  (Fig. 1A).  

 

The intensity of staining sligthly increased by staining with silver (not shown). A 

similar smear was observed in wild-type extracts that contained the rodlins RdlA 

and RdlB as the major proteins (Fig. 1A). Masses of the proteins in the TFA extracts 

of the SDS-extracted cell walls of S. coelicolor wild-type and ∆rdlAB strains were 
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determined by MALDI-TOF mass spectroscopy. Five discrete peaks could be 

identified in extracts of the ∆rdlAB strain with molecular masses ranging from 5071 

to 5994 (Fig. 1B). Peptides with identical masses were identified in the wild-type 

extract that also contained proteins with masses corresponding to those of RdlA 

and RdlB (not shown). The 5 kDa peptides were not observed in cell walls of 1-day-

old cultures growing submerged only. They appeared at day 2 coinciding with 

formation of aerial hyphae and were shown to be still present in 7-day-old cultures 

that completed sporulation. Amounts of these proteins in cell walls of differentiating 

cultures were considerable, comprising approximately 1% of the dry weight.  

N-terminal sequencing of the proteins running at 5-10 kDa in SDS-PAGE 

revealed one to three amino acids at each of the first six positions 

([D/T][A/D/S][G][A/G][A/E/Q][A/G/H]). This information was used for a protein 

motif search in the genome sequence of S. coelicolor 

(http://www.sanger.ac.uk/Projects/S_coelicolor/). Among the 118 hits 4 proteins 

were identified with a molecular weight between 5 and 10 kDa. These protein 

sequences were blasted against the complete genome sequence of S. coelicolor 

resulting in the identification of 8 homologous genes, which we called chaplins, for 

coelicolor hydrophobic aerial proteins, with gene designations chpA-H. The genes, 

except for chpB, are located in the core region of the linear chromosome of 

S. coelicolor. Genes chpC and chpH as well as chpA and chpD are located next to 

each other, the latter genes being adjacent to the rodlin genes rdlA and rdlB. The 

chp genes encode proteins (Table 3, Fig. 2) with putative signal sequences for 

secretion as determined with SignalP (http://www.cbs.dtu.dk/services/SignalP-

2.0/).  

Table 3.  Chaplins encoded in the genome of S. coelicolor 

Name Number of 

amino acids 

(with/without 

signal 

sequence) 

Predicted  

N-terminal 

sequence 

of the mature 

protein 

Predicted 

molecular 

mass of the 

mature 

protein 

(Dalton) 

Determined 

molecular mass 

of the mature 

protein 

(Dalton) 

ChpA (SCO2716) 252/232 DSHADG 19,876* ND 

ChpB (SCO7257) 237/208 SDGAGA 16,595* ND 

ChpC (SCO1674) 259/231 DSGAHG 18,863* ND 

ChpD (SCO2717) 75/52 DAGAEG 5071 5071 

ChpE (SCO1800) 82/55 TDGGAH 5274 5279 

ChpF (SCO2705) 79/52 DSGAQA 5182 5182 

ChpG (SCO2699) 90/63 DAGAAG 5994 5994 

ChpH (SCO1675) 77/52 DSGAQG 5121 5122 
* Molecular masses were calculated based on the assumption that the peptides are cleaved 

between the threonine and glycine contained in the LAXTG-motif (Pallen et al., 2001; Mazmanian 

et al., 1999). ND: not detected. 
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Experimental masses and N-terminal sequences of the proteins in the TFA extract 

of the ∆rdlAB strain agreed with those predicted for ChpD-H assuming cleavage of 

their putative signal sequences (Table 1). Thus, ChpA-C were not identified in the 

cell wall extract. These chaplins are predicted to be larger than those that were 

extracted. In fact, they consist of two sequences very similar to those of the 

extractable chaplins. These sequences are separated by a stretch of 27-30 amino 

acids and are followed by a hydrophilic region (Fig 2A).  

 

 

 

 

 

Fig. 2. (A) The hydropathy patterns of ChpC (solid line) and ChpG (dotted line) illustrate the hydrophobic nature of 

the large (ChpA-C) and the small (ChpD-H) chaplins. All chaplins have a signal sequence for secretion (SS). In 

ChpA-C the two regions that conform to the sequences of the small chaplins (dark boxes) are followed by a 

hydrophilic region and a putative cell wall anchor containing an LAXTG motif and a stretch of hydrophobic amino 

acids. (B) Alignment of the homologous sequences present in the 8 chaplins. The consensus sequence shows 

residues that are present in more than 50% of the sequences. The conserved amino acids, present in all 

sequences, are indicated in upper case. 
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Fig. 3. Temporal expression of the chp genes in S. coelicolor grown on solid NMMP medium as determined by 

Northern analysis. Genes chpE and chpH were expressed after 24 h of growth, when cultures still grew submerged, 

and during formation of aerial hyphae. In contrast, chpA and chpF were expressed during formation of aerial 

hyphae only. Expression of chpA was 10- to 25-fold lower compared to that of chpE, chpF and chpH. Blots were 

rehybridized with 16S rDNA to confirm that lanes contained equal amounts of RNA. 

The C-terminus of ChpA-C contains an LAXTG sequence, followed by a membrane-

spanning domain and a charged carboxy-terminal tail. This is a typical motif for 

anchoring surface proteins to the peptidoglycan in the cell wall (Pallen et al., 2001; 

Mazmanian et al., 1999). The similarity between the mature forms of the small 

chaplins and the corresponding sequences in the large chaplins is high: 33% of the 

amino acids are identical with an additional similarity of 18 % when all homologous 

sequences are compared (Fig. 2B). Hydropathy patterns show that these sequences 

are quite hydrophobic (Fig. 2A). Genomic DNA of Streptomyces tendae, 

Streptomyces griseus and the potato pathogen Streptomyces scabies hybridized 

with the coding sequence of chpD, indicating the presence of chp genes in other 

streptomycetes as well (not shown).  

 

Chaplins are differentially expressed 

 

Total RNA from cultures at different stages of morphological differentiation was 

hybridized with the coding sequences of the chp genes (Fig. 3). Genes chpE and 

chpH were highly expressed in 24-hour-old solid cultures growing submerged only. 

Expression remained high during formation of aerial hyphae (between 36 and 72 h) 

but decreased when aerial growth ceased. In contrast, mRNA of chpD (not shown), 

chpF (Fig. 3) and chpG (not shown) did not accumulate during submerged growth. 

However, they accumulated to high levels during formation of aerial hyphae. 

Expression of chpA (Fig. 3), chpB and chpC (not shown) also coincided with 

formation of aerial hyphae but 

mRNA levels were 10- to 25-fold 

lower compared to those of the 

small chaplins. Thus, expression 

of chpA, chpB, chpC, chpD, chpF, 

chpG is strictly correlated with 

formation of aerial hyphae, while 

chpE and chpH are expressed in 

submerged hyphae as well.
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Fig. 4. Spatial expression of chpC (A) and chpH (B) in S. coelicolor grown on solid medium for 2 days visualized 

using eGFP as a reporter. GFP expression was observed in aerial hyphae (AH) of transformants but not in 

submerged hyphae (SH). Fluorescence due to the chpC promoter was relatively low compared to that of chpH. 

Wild-type hyphae served as a control (C). Bar represents 10 µm. 

To monitor expression of chp genes in colonies, promoter regions of chpA, chpC, 

chpG and chpH were cloned in vector pIJ8630 in front of the coding sequence of the 

eGFP gene (Sun et al., 1999). The resulting constructs were introduced in 

S. coelicolor. Cross-sections of colonies of transformants and the wild-type strain 

grown on agar plates were analysed by confocal laser scanning microscopy (Fig. 4). 

Strong fluorescence was observed in aerial hyphae of strains with eGFP expression 

regulated by the chpG and chpH promoter, while it was weak in case of chpA and 

chpC. Fluorescence in wild-type aerial hyphae was not observed. Fluorescence of 

eGFP in submerged hyphae of transformants and the wild-type strain could not be 

detected throughout growth. Similar results were obtained in liquid standing 

cultures (not shown).  

 

 

 

Chaplins are involved in formation of aerial hyphae 

 

Up to 6 of the chp genes were deleted in S. coelicolor strain M145 using the 

Redirect© technology (Gust et al., 2002; 2003). Since chpA and chpD as well as 

chpC and chpH are adjacent to each other on the bacterial chromosome these 

genes were deleted pairwise. In contrast to the ∆chpAD and the ∆chpB strains, 

formation of aerial hyphae was strongly delayed in mutants lacking chpC and chpH 

(∆chpCH, ∆chpACDH and ∆chpABCDH strains) on all solid media tested (Fig. 5A). 

Besides the delay in onset of development, the number of aerial hyphae formed 

was also strongly reduced (Fig. 5B, C). However, the aerial hyphae formed were 

not affected in sporulation. Viability of spores after lysozyme treatment, desiccation 

or heat exposure was unaffected (not shown).  
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Fig. 5. Chaplins are involved in formation of aerial hyphae. (A) After 3 days of growth on solid minimal medium, 

the wild-type strain formed a confluent layer of white aerial hyphae whereas the ∆chpABCDH and the ∆chpABCDEH 

were strongly affected in aerial growth. (B) The ∆chpABCDH strain formed only few aerial hyphae on solid complete 

R5 medium even after 8 days of growth, the wild-type strain serving as a control (C). Colonies of the wild-type 

strain at the water-air interface of liquid standing minimal medium showed a confluent layer of aerial hyphae after 

4 days of growth (D), in contrast to the ∆chpABCDH strain  (E) and the ∆chpABCDEH strain (F). Formation of aerial 

hyphae, as indicated by a white fluffy layer, could be restored by applying a mixture of chaplins extracted from a 3-

day-old culture of the ∆rdlAB strain at the surface of a colony of the ∆chpABCDEH strain grown on solid medium 

(G), an extract of the ∆chpABCDEH strain serving as a control (H). Bar represents 1 mm (B, C, G, and H), and 400 

µm (D to F), respectively. 
 

When chpE was deleted in the ∆chpABCDH strain aerial hyphae formation was 

further delayed and even more affected (Fig. 5A). Colonies were bald on all minimal 

media tested, and only few aerial hyphae were observed on rich media provided 

that colonies were allowed to grow for more than one week (not shown). The few 

aerial hyphae formed did differentiate into spores and possessed the characteristic 

rodlet layer (not shown).  
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The chp deletion strains were also grown in liquid standing medium. Results were 

similar to those observed on solid medium. Wild-type colonies at the water-air 

interface formed a confluent layer of aerial hyphae after 4 days of growth (Fig. 5D). 

However, formation of aerial hyphae was delayed and reduced in the ∆chpABCDH 

strain (Fig. 5E), while the ∆chpABCDEH strain remained bald even after prolonged 

incubation (Fig. 5F). The rigid membrane fixing colonies at the surface of liquid 

standing cultures (van Keulen et al., 2003) was observed in all cases. 

  

Extracellular complementation of the chp mutants by purified chaplins 

 

To see whether the chp mutant strains could be complemented extracellularly with 

the small chaplins, aqueous solutions of TFA extracts of SDS-treated cell walls of 3-

day-old cultures of the ∆rdlAB strain forming aerial hyphae were applied at the 

colony surface after 24 hours. This restored aerial hyphae formation in the 

∆chpABCDH (not shown) and the ∆chpABCDEH strains (Fig. 5G) at the spot where 

the chaplins were applied. Formation of aerial hyphae started already 4 h after 

application although the number of aerial hyphae did not reach wild-type levels. 

Complementation was observed with 0.1-20 µg of chaplin. Mutant colonies were 

neither complemented with an extract isolated from 3-day-old cultures of the 

∆chpABCDEH strain (Fig. 5H) nor when the wild-type strain was grown in close 

proximity (not shown). 

Development of the wild-type strain was accelerated at spots where chaplins 

were applied. Also in this case aerial hyphae were formed 4 hours after applying 

the protein mixture to a 1-day-old culture. In contrast, none of a variety of bald 

mutants (bldA, bldD, bldH and bldJ) tested could be complemented.  

 

Chaplins are highly surface active and form functional amyloid-like fibrils 

 

The secondary structure of the mixture of chaplins as obtained from cell walls of 3-

day-old cultures of S. coelicolor strain M145∆rdlAB was studied using circular 

dichroism. The spectrum of an aqueous solution of the mixture of small chaplins 

was indicative for random coiled proteins (Fig. 6A). When the aqueous solution was 

vortexed, thus creating a large surface of air-water interface, the protein mixture 

adopted a conformation rich in β-sheet. This change in conformation coincided with 

the formation of a white precipitate. A similar change into a β-sheet-rich state was 

observed when the aqueous solution of chaplins was allowed to dry in the cuvette 
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Fig. 6. Conformational changes of a mixture of chaplins (ChpD-H) isolated from cell walls of the M145∆rdlAB strain. 

(A) The circular dichroism spectrum of an aqueous solution of the mixture of small chaplins was indicative for 

random coiled proteins (dotted line), while the protein mixture adopted a conformation rich in β-sheet upon 

vortexing (solid line).  (B) Chaplins in the β-sheet rich state interact with the fluorescent dye thioflavin T (solid line) 

increasing its fluorescence 10-fold compared to water that served as a control (dotted line). 

Fig. 7. 4- to 6-nm-wide fibrils are formed after drying down an aqueous solution of chaplins (A). The fibrils 

resemble those present at the outer surface of the M145∆rdlAB strain (B) and are different from the rodlets present 

on aerial hyphae and spores of the wild-type strain (C). Bar represents 200 µm. Arrow indicates direction of 

shadowing. 

(not shown). In contrast, proteins in the extract of 3-day-old cultures of the 

∆chpABCDEH strain did not change their conformation upon vortexing (not shown). 

 In order to investigate whether the change to the β-sheet-rich state was 

accompanied with a change in ultrastructure, the protein mixture was dried down on 

Formvar-coated grids followed by shadowing. A mosaic of 4- to 6-nm-wide parallel 

fibrils was observed (Fig. 7A). A similar mosaic was observed when an aqueous 

solution of a TFA extract of SDS-treated cell walls of the wild-type strain was used 

(not shown). Thus, rodlins do not affect formation of chaplin fibrils. The fibrils formed 

by the chaplins were different from the rodlets observed at wild-type aerial hyphae 

and spores (Fig. 7C) but resembled those observed at aerial structures of the 

M145∆rdlAB strain (Fig 7B).  From this we conclude that chaplins assemble into fibrils 

at surfaces of aerial structures.  
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Fig. 8. Surface activity of a mixture of chaplins 

(A) as indicated by the shape of an 8 µl 

droplet, water serving as a control (B). 

Formation of β-sheet rich fibrils at the water-air interface suggested that amyloid-

like structures are formed (Wösten and de Vocht, 2000). Therefore, the interaction 

of chaplins with the amyloid-specific fluorescent dye thioflavin T (ThT) was studied. 

Chaplins in the β-sheet state increased fluorescence of ThT significantly (Fig. 6B). 

At 482 nm, a 10-fold increase of ThT-fluorescence was observed. In contrast, no 

increase was observed with extracts of the ∆chpABCDEH strain (not shown). This 

shows that chaplins form amyloid-like structures. 

 Surface activity of the mixture of small chaplins (200-300 µg ml-1) was 

studied using the pendant droplet technique. At the concentration used, the water 

surface tension decreased within 15 minutes from 72 (±1) to 26 (±2) mJ m-2. This 

was accompanied by the appearance of a light-reflecting film at the water surface 

and a dramatic change of the shape of the water droplet (Fig. 8). From this we 

conclude that the conformational 

change of chaplins at the water-air 

interface coincides with a 

tremendous drop in surface 

tension.   

  

 

DISCUSSION 

 

Formation of aerial (reproductive) structures in both filamentous bacteria and 

filamentous fungi was described as a two-step process (Wösten et al., 1999a; 

Wösten and Willey, 2000). This model is an oversimplification, given the genetic 

complexicity of the differentiation process (Chater, 2001), but provides a first basis 

to understand the mechanisms involved in aerial growth. In the first step, hyphae 

breach the water-air interface to escape the aqueous environment to grow into the 

air. In the second step aerial hyphae are covered with one or more surface layers 

rendering hydrophobicity and possibly providing rigidity and protection. In contrast 

to filamentous fungi (Wösten, 2001), little is known about the molecules that allow 

aerial growth in streptomycetes. We here report for the first time a class of 

proteins, called chaplins, that are essential for aerial growth in Streptomyces 

coelicolor on all media tested. These proteins are involved in escape of hyphae from 

the aqueous environment into the air but also provide aerial hyphae with a 
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hydrophobic coating. Chaplins function as amyloid-like proteins, and are the first 

example of functional amyloid-like fibrils in Gram-positive bacteria, and only the 

second example in the bacterial domain (Chapman et al., 2002). 

To identify proteins that render aerial hyphae hydrophobic, proteins were 

isolated from cell walls of differentiating cultures of a S. coelicolor wild-type strain 

and a ∆rdlAB strain. We adopted a procedure previously used to isolate such 

proteins from filamentous fungi (de Vries et al., 1993; Wösten et al., 1993). In this 

way, five proteins were identified. They had masses of 5071 to 5994 Da and hardly 

stained with CBB or silver in SDS-PAGE, explaining why they were not reported by 

Claessen et al., (2002). Yet, considerable amounts of these proteins are produced. 

They represent about 1% of the mass of the cell wall. Masses and N-terminal 

sequences of the peptides corresponded to mature forms of deduced hydrophobic 

secreted proteins encoded by 5 genes in the S. coelicolor genome (Bentley et al., 

2002). These genes were called chpD-H. Three additional homologues, chpA-C, 

encoding secreted proteins of about 16-20 kDa, were identified in the genome. 

Their mature forms contain two domains highly similar to those of the extractable 

chaplins. These domains are followed by a hydrophilic region of sufficient length to 

traverse the cell wall. The C-terminal part of the large non-extractable chaplins 

ChpA-C contain an LAXTG sequence followed by a membrane-spanning domain and 

a charged carboxy-terminal tail.  Proteins with this motif such as protein A of 

Staphylococcus aureus (Ton-That et al., 1997; Mazmanian et al., 1999) are often 

cell surface proteins anchored to the peptidoglycan by sortase-like proteins (Pallen 

et al., 2001; Mazmanian et al., 1999). A covalent linkage of ChpA-C to the cell wall 

would explain why they have not been physically isolated using the TFA extraction.  

 The chp genes were deleted one by one or pairwise. The ∆chpCH, the 

∆chpACDH, and the ∆chpABCDH strain showed a delay of several days in onset of 

development on all media tested. Furthermore, the number of aerial hyphae that 

eventually formed was dramatically reduced. Formation of aerial hyphae on minimal 

media was almost completely abolished when chpE was also deleted (∆chpABCDEH 

strain). Similar results were obtained in liquid standing cultures. Although the 

∆chpABCDEH strain formed colonies at the liquid-air interface, they did not form 

aerial hyphae. All deletion strains formed the rigid film fixing colonies at the water-

air interface (van Keulen et al., 2003). This shows that this film of unknown nature 

is not sufficient to allow aerial growth.  

 Deletion studies indicated the importance of chpE and chpH. These genes 

were highly expressed after 24 hours of growth on solid media which is in 

agreement with array data presented by Elliot et al. (2003, accompanying 
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manuscript). At this time only a submerged mycelium was formed. These chaplins, 

but not the other members of this class of proteins, were identified in the medium 

of liquid shaken cultures (D. Claessen, unpublished results).  

Mixtures of ChpD-H isolated from cell walls of aerial hyphae were shown to 

be highly surface active. Within a few minutes the surface tension was lowered 

from 72 to 26 mJ m-2. This was accompanied by a conformational change in a state 

rich in β-sheet resulting in the formation of a light-reflecting film at the water 

surface. The ultrastructure of the film was composed of a mosaic of parallel 4- to 6-

nm-wide fibrils. These fibrils increased fluorescence of the amyloid specific dye ThT, 

showing that chaplins lower the water surface tension by forming amyloid-like 

fibrils. From these data we conclude that ChpE and ChpH lower the water surface 

tension to enable hyphae to breach the medium-air interface to grow into the air. 

Indeed, development was fully restored when a chaplin mixture was dried down at 

surfaces of 1-day-old colonies of the ∆chpABCDH and the ∆chpABCDEH strains. The 

formation of a non-diffusible film of high molecular weight at the water-air interface 

explains why aerial hyphae only developed at the spot of application and why wild-

type strains grown in close vicinity could not complement the mutants. After 

prolonged incubation some aerial hyphae developed in the multiple knock-out 

strains. This may be due to other surface active molecules that are secreted in the 

culture medium such as SapB (Willey et al., 1991; 1993). Interestingly, chaplins 

applied at the surface of the wild-type strain accelerated development for at least 

8-16 hours. In contrast bld mutants could not be complemented for reasons 

unknown.  

 Once escaped into the air, hyphae of streptomycetes are covered with 

several surface layers. The most outer layer is the rodlet layer. The rodlins RdlA 

and RdlB are involved in the formation of this structure (Claessen et al., 2002). In 

the ∆rdlAB strain the rodlet layer is absent and thus the underlying layer becomes 

exposed. It is composed of a mosaic of parallel 4- to 6-nm-wide fibrils. These fibrils 

resemble those formed by the chaplins at the water-air interface, indicating that 

chaplins form a surface layer just beneath the rodlet layer. The fact that all chaplins 

are moderately (chpA-C) to highly (chpD-H) expressed in aerial hyphae, as was 

shown by GFP reporter studies and confirmed by Northerns, supports this 

hypothesis. The chaplin layer underneath the rodlet layer confers surface 

hydrophobicity in the absence of the latter layer and may interact with it.    
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Fig. 9. The role of chaplins and rodlins in formation of aerial hyphae in S. coelicolor. Initially, hyphae grow 

submerged secreting ChpE and ChpH. These proteins lower the water surface tension dramatically by assembling at 

the water-air interface. This enables hyphae to grow into the air. Emerging aerial hyphae produce ChpA-H that 

assemble at the cell wall-air interface into an insoluble protein film characterized by an ultrastructure of 4- to 6-

nm-wide fibrils. The chaplin layer provides a hydrophobic surface and this may induce the formation of the typical 

rodlet layer formed by RdlA and RdlB. 

From these and other data we present a model for the formation of aerial hyphae in 

S. coelicolor (Fig. 9). This model probably also holds for other streptomycetes since 

chpD hybridized at stringent conditions with genomic DNA of various members of 

this group of bacteria. During formation of a feeding submerged mycelium, chpE 

and chpH are expressed. The proteins diffuse to the water-air interface where they 

form a highly insoluble film that lowers the water surface tension. This enables 

hyphae to escape into the air. In the aerial hyphae all chp genes are expressed. 

The proteins diffuse to the outer surface and assemble upon contacting air. The 

resulting layer, composed of a mosaic of parallel 4- to 6-nm-wide fibrils, confers 

hydrophobicity to the aerial hypha. It is tempting to speculate that the large 

chaplins ChpA-C co-assemble with the small chaplins ChpD-H with their 

homologous sequences. The hydrophilic region of the large chaplins may traverse 

the cell wall, while the LAXTG motif is cross-linked to the peptidoglycan. As a result, 

the small chaplins would be immobilized at the cell surface by the larger chaplins. 

The chaplin layer provides a hydrophobic surface and this may induce the formation 

of the rodlet layer formed by RdlA and RdlB.    
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Chaplins resemble the hydrophobins of filamentous fungi. These proteins too enable 

hyphae to breach the water-air interface by lowering the water surface tension 

(Wösten et al., 1999a) upon assembly in a highly insoluble film composed of a 

mosaic of fibrils (Wösten et al., 1993). Moreover, the assembled hydrophobin is 

responsible for the hydrophobicity of fungal aerial structures (Wösten et al., 1993; 

1994a; Wösten, 2001). Similar to the chaplins, hydrophobins assemble in an 

amyloid-like structure (Wösten and de Vocht, 2000; Butko et al., 2001; Mackay et 

al., 2001). Until recently, amyloids were mainly associated with debilitating human 

diseases like Huntington’s disease and Alzheimer’s (Dobson, 1999; Chiti et al., 1999). 

Chapman and colleagues (2002) reported that the curli proteins of E. coli are 

functional amyloids involved in colonization of inert surfaces, biofilm formation and 

attachment to a variety of host proteins. Thus, like in fungi, amyloids also serve a 

wide spectrum of functions in bacterial development.  
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SUMMARY 

 

Streptomycetes form hydrophobic aerial hyphae that eventually septate into 

hydrophobic spores. Both aerial hyphae and spores possess a typical surface layer 

called the rodlet layer. We present here evidence that rodlet formation is conserved 

in the streptomycetes. The formation of the rodlet layer is the result of the 

interplay between rodlins and chaplins. A strain of Streptomyces coelicolor in which 

the rodlin genes rdlA and/or rdlB were deleted no longer formed the rodlet layer. 

Instead, these surfaces were decorated with fine fibrils. Deletion of all eight chaplin 

genes (strain ∆chpABCDEFGH) resulted in the absence of the rodlet layer as well as 

the fibrils at surfaces of aerial hyphae and spores. Apart from coating these 

surfaces, chaplins are involved in the escape of hyphae into the air, as was shown 

by the strong reduction in the number of aerial hyphae in the ∆chpABCDEFGH 

strain. The decrease in the number of aerial hyphae correlated with a lower 

expression of the rdl genes in the colony. Yet, expression per aerial hypha was 

similar to that in the wild-type strain, indicating that expression of the rdl genes is 

initiated after the hypha has sensed that it has grown into the air. 

 

INTRODUCTION 

 

Streptomycetes exhibit a complex life cycle. These Gram-positive soil bacteria form 

a colonizing mycelium within the moist substrate by multinucleoid hyphae that grow 

at their apices. After a feeding substrate mycelium has been established, hyphae 

leave the aqueous environment to grow into the air. These aerial hyphae 

differentiate by forming chains of uninucleoid cells, which metamorphose into 

pigmented spores. These spores are dispersed and may give rise to a new 

mycelium. Growth into the air is accompanied by a change in the surface 

properties. Surfaces of hyphae in the moist substrate are hydrophilic, whereas 

those of aerial hyphae and spores are hydrophobic. Hydrophobicity is attributed to 

several surface layers, one of which is the rodlet layer. This layer consists of a 

mosaic of 8- to 10-nm-wide rods (Wildermuth et al., 1971; Smucker and Pfister, 

1978). Formation of aerial hyphae and spores has been best studied in 

Streptomyces coelicolor (for recent reviews, see Chater, 1998; 2001; Kelemen and 

Buttner, 1998; Wösten and Willey, 2000). Three types of secreted proteins, namely 

SapB (Willey et al., 1991; 1993), chaplins (Claessen et al., 2003; Elliot et al., 
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2003) and rodlins (Claessen et al., 2002), were shown to be involved in the 

formation of aerial hyphae and spores.  

SapB is a small secreted peptide of 18 amino acids that is produced when 

S. coelicolor is grown in rich medium (Willey et al., 1991). It lowers the medium 

surface tension from 72 to 32 mJ m-2, thus enabling hyphae to breach the medium–

air interface to grow into the air (Tillotson et al., 1998). Strikingly, no sapB gene 

could be identified in the S. coelicolor genome sequence (Bentley et al., 2002), and 

it was therefore proposed to be synthesized non-ribosomally. SapB is not expected 

to aid in the surface hydrophobicity of aerial hyphae and spores as this peptide 

could not be detected at the surfaces of these structures (Wösten and Willey, 

2000). This hypothesis was strengthened by the observation that S. coelicolor does 

form aerial hyphae in minimal medium despite the absence of SapB under these 

culture conditions.  

Chaplins were identified as a class of hydrophobic proteins involved in the 

formation of aerial hyphae in S. coelicolor (Claessen et al., 2003; Elliot et al., 

2003). This class consists of eight members, ChpA–H, that are inserted into the cell 

walls of aerial hyphae of cultures grown on rich or minimal medium. Within the cell 

wall, mature forms of ChpD–H (± 55 amino acids) and ChpA–C (± 225 amino 

acids) self-assemble into amyloid-like fibrils (Claessen et al., 2003). ChpA–C 

contain two domains similar to ChpD–H as well as a cell wall sorting signal. This 

signal explains why these larger chaplins could not be extracted from cell walls of 

aerial hyphae. In contrast, the smaller chaplins ChpD–H could be purified from cell 

walls using trifluoroacetic acid. Assembly of these chaplins at the water–air 

interface was found to be accompanied by a huge drop in surface tension (from 72 

to 26 mJ m-2). This suggested that these proteins could be involved in escape of 

hyphae from the moist environment into the air. Indeed, ChpE and ChpH were 

found to be secreted in the culture medium as well as in cell walls of aerial hyphae. 

The involvement of the chaplins in the formation of these structures was confirmed 

by gene deletion. Formation of aerial hyphae was strongly affected in a strain in 

which six chp genes were deleted (∆chpABCDEH). The surface of the aerial hyphae 

produced by the mutant strain still possessed a rodlet layer. 

The rodlin proteins RdlA and RdlB were shown to be present at surfaces of 

aerial hyphae and spores where they form a highly insoluble layer (Claessen et al., 

2002). Disruption of both rdlA and rdlB in S. coelicolor (∆rdlAB strains) did not 

affect the formation and differentiation of aerial hyphae. However, the 

characteristic rodlet layer was absent. We show here that both rodlin and chaplin 

proteins are involved in the formation of the rodlet layer of streptomycetes. Our 
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results indicate that the small chaplins, ChpD–H, assemble into fibrils that are 

aligned into rodlets by the action of the non-redundant RdlA and RdlB rodlins. 

 

METHODS 

 

Strains and plasmids 

 

The following streptomycete strains were used: S. coelicolor M145 (Kieser et al., 

2000), S. coelicolor ∆rdlAB6 (Claessen et al., 2002), S. coelicolor ∆chpABCDEH 

(Claessen et al., 2003), S. tendae Tü901/8c (Richter et al., 1998), S. griseus (ATCC 

13273), S. avermitilis (ATCC 31267) and S. scabies ISP5078. Cloning was done in 

E. coli DH5α, SCS110 or BW25113 (Datsenko and Wanner, 2000). E. coli ET12567 

containing pUZ8002 was used for conjugation to S. coelicolor (Kieser et al., 2000). 

Vectors and constructs are summarized in Table 1.  

Table 1.  Vectors and constructs 

Plasmid  Description  Reference 

pBluescript II KS+ pUC18 derivative for cloning in E. coli 

 

Stratagene 

C61A Cosmid 61A of S. coelicolor containing chpF and 

chpG 

 

Redenbach et al., 1996 

pIJ82 pSET152 (Bierman et al., 1992) derivative 

containing the hyg gene, replacing a 751 bp SacI 

fragment containing the aac(3)IV apramycin 

gene 

 

Dr. B. Gust (JIC) 

pIJ82-rdlA pIJ82 containing a 1501 bp fragment 

encompassing the putative promoter and coding 

sequence of rdlA as well as a 843 bp sequence 3’ 

of  the stop codon of rdlA 

 

This work 

pIJ82-rdlB pIJ82 containing a 1412 bp fragment 

encompassing the putative promoter and coding 

sequence of rdlB as well as a 748 bp sequence 3’ 

of  the stop codon of rdlB 

 

This work 

pIJ8630a pIJ8630 containing the 262 bp S. coelicolor 

promoter region of rdlA with an NdeI site at the 

3’ end allowing translational fusions 

 

Claessen et al., 2002 

pIJ8630b As pIJ8630a but with the promoter region of rdlB 

 

Claessen et al., 2002 

StC18 pBluescript II KS+ derivative with a 3.1 kb SalI 

fragment of cosmid C18 of S. tendae containing 

STrdlA and STrdlB 

This work 
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Growth conditions and media 

 

Streptomyces strains were grown at 30°C on solid MS agar medium or in YEME 

medium as liquid shaken cultures (Kieser et al., 2000). R5 was used for 

regenerating protoplasts (Kieser et al., 2000). S. griseus was grown in liquid 

mNMMP (van Keulen et al., 2003) to obtain submerged spores. For GFP studies, 

Streptomyces strains were grown on solid mNMMP medium (van Keulen et al., 

2003). 

 

Molecular techniques 

 

Standard molecular techniques followed the methods described by Sambrook et al. 

(1989). Protoplast  preparation and transformation were performed as described by 

Kieser et al. (2000). Chromosomal DNA was isolated according to the method of 

Verhasselt et al. (1989) and modified by the method of Nagy et al. (1995). 

Total RNA of S. coelicolor was isolated according to the method of 

Veenendaal and Wösten (1998) or van Keulen et al. (2004). DNA and RNA were 

blotted on Nylon filters (Boehringer, Mannheim) and hybridized under conditions 

described by Church and Gilbert (1984) at 62°C. Under these conditions, rdlA and 

rdlB do not cross-hybridize (Claessen et al., 2002).  

For preparation of the rdlA and rdlB probes, the respective coding sequences 

were amplified using PCR with primers rdlACSFW and rdlACSREV for rdlA, and 

rdlBCSFW and rdlBCSREV for rdlB (Table 2). The PCR products were radioactively 

Table 1.  Vectors and constructs (continued) 

Plasmid  Description  Reference 

StC60 pBluescript II KS+ derivative with a 4.2 kb SalI 

fragment of cosmid C60 of S. tendae containing 

STrdlA and STrdlB 

 

This work 

Sg12A10 pBluescript II KS+ derivative with a 3.6 kb SalI 

fragment of cosmid 12A10 of S. griseus 

containing SGrdlA and SGrdlB 

 

This work 

pIJ8630-StC18 pIJ8630 derivative (Sun et al., 1999) with a 3.2 

kb KpnI/XbaI fragment containing STrdlA and 

STrdlB 

 

This work 

pSET-Sg12A10 pSET152 derivative (Bierman et al., 1992) with a 

2.6 kb BamHI fragment of Sg12A10 containing 

SGrdlA and SGrdlB 

This work 
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labelled using the Prime-a-Gene® kit (Promega). For the SGrdlA probe, a 618 bp 

BstXI–EcoRV fragment of plasmid Sg12A10 was labelled. 

 

Isolation of rdl homologues from S. tendae and S. griseus 

 

Coding sequences of rdlA and rdlB from S. coelicolor were radioactively labelled and 

hybridized to cosmid libraries of S. tendae Tü901/8c (Bormann et al., 1996) and 

S. griseus (Menéndez et al., 2004). Hybridizing SalI fragments of positive clones 

were cloned in pBluescript II KS+ and sequenced. Accession numbers for SGrdlA, 

SGrdlB, STrdlA and STrdlB are AJ630587, AJ630588, AJ630589 and AJ630590 

respectively. 

 

Construction of M145∆rdlA, M145∆rdlB, M145∆rdlAB, M145∆chpFG and 

M145∆chpABCDEFGH 

 

The Redirect© technology (Gust et al., 2003) was used to disrupt rdlA and/or rdlB 

of S. coelicolor M145. For the disruption of rdlA, the aac(3)IV resistance cassette 

was amplified using primers rdlAsense and rdlAansense (Table 2). Similarly, for the 

disruption of rdlB, primers rdlBsense and rdlBansense were used. Primers 

rdlAansense and rdlBansense were used for the disruption of both rdlA and rdlB. 

For the construction of the M145∆chpABCDEFGH strain, lacking all chp 

genes, the apramycin cassette was removed in the ∆chpABCDEH strain enabling the 

reuse of this cassette to delete chpF and chpG. Primers used are shown in Table 2. 

chpF and chpG were mutated on cosmid C61A (Redenbach et al., 1996) using the 

apramycin cassette. The cosmid containing the mutated copies of both genes was 

Table 2.  Primers used in this study 

Primer  Sequence (5’-3’)  

rdlAsense AGGACAGTGCGTCGCTACGACGAAAGGAACGCGAAGTGATTCCGGGGATCCGTCGACC 

rdlAansense AAGTCAGCGGGCCGCCCGTACCGGGCTGGGCTGGGCTCATGTAGGCTGGAGCTGCTTC  

rdlBsense TTCGGTGGACGGGGTTTCCTCAGAAAGGACTGGCCAGTGATTCCGGGGATCCGTCGACC  

rdlBansense CCGCCGAAGTGCTCGGCGGCCCGCCCCGGGGCGATGTCATGTAGGCTGGAGCTGCTTC 

  

rdlACSFW CATATGCTCAAGAAGGCAATGG 

rdlACSREV GGATCCTCAGCGGCCCTCGCC 

rdlBCSFW CATATGATCAAGAAGGTAGTTGC 

rdlBCSREV GGATCCTCAGCCCTTGCCGCC 

  

∆chpF forward CCCGGATGTGTGTACAACCCCAAGGAGCACTTCTCCATGATTCCGGGGATCCGTCGACC 

∆chpF reverse GTACGGACGGCCGGTGCGGCAAGTGGTGAGCCGACGTCATGTAGGCTGGAGCTGCTTC 

∆chpG forward CTGCCGCCGCGCTCCCCGAGTCAGAAGGAGAACGTGATGATTCCGGGGATCCGTCGACC 

∆chpG reverse CCGGGAAGGCCGGGGCTCCTCGGACGTCCTGCGGACTCATGT 
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introduced into the ∆chpABCDEH strain, followed by screening for loss of both chpF 

and chpG. Similarly, chpF and chpG were deleted in the wild-type strain. Gene 

deletions were confirmed by Southern analysis. 

 

Electron microscopy 

 

For freeze-fracturing and cryo-scanning electron microscopy, spores were frozen in 

a mixture of solid and liquid nitrogen. Freeze-fracturing was done in a Polaron 

freeze-etch apparatus equipped with a Balzers EVM 052 unit. Replicas of Pt/C were 

cleaned for 16 h in 40% chromic acid at room temperature. Cryo-scanning electron 

microscopy was done with a JEOL microscope type 6301F at 5.0 kV using sputter 

coating with gold/palladium. 

 

RESULTS 

 

The rdlA and rdlB genes are contained on a conserved gene cluster in the 

genomes of streptomycetes 

 

Streptomyces coelicolor and Streptomyces lividans contain identical copies of the 

rdlA and rdlB genes (Claessen et al., 2002). Hybridization of these genes with 

genomic DNA of various streptomycetes indicated the ubiquitous occurrence of 

rodlin genes in this genus (Claessen et al., 2002). To isolate the homologues of 

Streptomyces tendae and Streptomyces griseus, cosmid libraries were hybridized 

with probes directed against the coding sequences of rdlA and rdlB. Both genes 

hybridized with the overlapping S. tendae cosmids C18 and C60 and the S. griseus 

cosmid 12A10 (data not shown). The hybridizing fragments were contained on 3.2, 

4.2 and 3.6 kb SalI fragments respectively. These fragments were cloned and 

sequenced. The overlapping S. tendae cosmids C18 and C60 contained two open 

reading frames (ORFs) representing the S. tendae homologues of RdlA and RdlB 

(Fig. 1). The genes, called STrdlA and STrdlB, are highly homologous to their 

equivalents in S. lividans and S. coelicolor with respect to the deduced amino acid 

sequence (Fig. 1B) as well as their genetic organization (Fig. 1A). 
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They are divergently transcribed from the putative promoter region 

contained in the 245 bp intergenic region. Similarly, two rodlin genes, called SGrdlA 

and SGrdlB, were identified on cosmid 12A10 of S. griseus (Fig. 1B). In contrast to 

S. coelicolor and S. tendae, the rodlin genes of S. griseus are not divergently 

transcribed (Fig. 1A). In between the S. griseus rodlin genes, an ORF was identified 

that was highly homologous to ORF2 of S. tendae and SCO2717 of S. coelicolor 

encoding the small chaplin ChpD. In addition, both S. griseus and S. tendae clones 

contained part of an ORF (ORF1) with high similarity to SCO2716 of S. coelicolor 

Fig. 1. (A) The genetic organization of rdl genes from S. coelicolor, S. tendae, and S. griseus is conserved. rdl 

genes are found on part of the genome that also contains chpD (indicated in light grey), and chpA (indicated in 

dark grey). Dotted lines indicate probes used in this study. (B) Alignment of the amino acid sequences of the 

rodlins. * indicates identical residues, while : indicates similar amino acids. Alignments were made using ClustalW 

(Thompson et al., 1994).  

 

A 

B 
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Fig. 2. Spores of S. coelicolor (A) and S. griseus (B and C) grown on solid media are covered with a rodlet layer. 

Rodlets are also observed on S. griseus spores produced by submerged hyphae (D). These rodlets are very similar 

to those produced by aerial hyphae (C). On the other hand, no rodlets were observed at surfaces of spores of 

S. avermitilis (E) or the ∆rdlAB strain of S. coelicolor (F). The latter strain could be complemented by the rdl genes 

from S. tendae (G) and S. griseus (not shown). Deletion of either rdlA (not shown) or rdlB (H) is sufficient to 

eradicate rodlets in S. coelicolor. Bars indicate 500 nm (C and D) or 100 nm (A, B, E-H). Surfaces were studied by 

scanning electron microscopy (A, B, E, F-H) and freeze-fracturing (C and D). 

(Fig. 1A) encoding ChpA. These data show that the rdl genes are located on a 

conserved gene cluster in streptomycetes encoding proteins involved in the 

formation of surface layers. 

 

Expression of rdl genes correlates with the presence of rodlet-decorated 

surfaces 

 

S. coelicolor, S. tendae, Streptomyces scabies and Streptomyces avermitilis form 

spores when grown on 

solid media. In contrast, 

some S. griseus strains 

also form spores in 

liquid shaken cultures. 

The resistance 

properties of S. griseus 

surface-grown and 

submerged spores are 

very similar (Kendrick 

and Ensign, 1983). 

Surfaces of spores 

formed on solid media 

were analysed by 

scanning electron 

microscopy.  

In contrast to 

the S. coelicolor ∆rdlAB 

strain (Fig. 2F), rodlets 

were identified on wild-

type spores of 

S. coelicolor (Fig. 2A), 

S. tendae (not shown), 

S. scabies (not shown) 
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Fig. 3. Temporal expression of 

SGrdlA of S. griseus grown on 

solid medium (left) or as a 

liquid shaken culture (right) as 

determined by Northern 

analysis. Expression of SGrdlA 

coincides with formation of 

aerial hyphae on solid medium 

and with formation of spores 

in submerged cultures. 

Northern blots were 

rehybridized with 16S rDNA as 

a loading control and to 

confirm the integrity of the 

RNA. Numbers indicate the 

age of cultures in days. 

 

and S. griseus (Fig. 2B). The abundance and shape of the rodlets in the different 

strains were indistinguishable. To assess whether rodlets were restricted to aerial 

spores, we analysed surfaces of S. griseus spores formed in liquid cultures by 

freeze-fracturing. Interestingly, like spores produced by aerial hyphae (Fig. 2C), 

spores produced by submerged cultures of S. griseus were decorated with rodlets 

(Fig. 2D). This suggested that, in contrast to S. coelicolor (Claessen et al., 2002), 

S. griseus expresses its rodlin genes not only on solid media but also in liquid 

shaken cultures (Fig. 3).  

 

Expression of SGrdlA in solid cultures decreased after most of the aerial 

hyphae had been formed. In contrast, expression of SGrdlA remained high in liquid 

shaken medium coinciding with an increase in the number of sporulating hyphae. 

Interestingly, S. avermitilis did not produce rodlet-decorated spores (Fig. 2E). 

Accordingly, its genome sequence does not contain rodlin genes (see Discussion). 

These data therefore show that expression of rdl genes correlates with the presence 

of rodlets. 

 

Rodlin genes from S. tendae and S. griseus complement the S. coelicolor 

∆rdlAB strain 

 

To analyse whether the rdl homologues from S. tendae and S. griseus functionally 

complement the rdlAB null mutant of S. coelicolor, strain ∆rdlAB6 was transformed 

with pIJ8630-StC18 or pSET-Sg12A10. In this way, rdlA and rdlB homologues of 

S. tendae and S. griseus were introduced in the φC31 attachment site under the 

control of their own promoters. Scanning electron microscopy showed that 

formation of the rodlet layer was restored in both types of transformants. Shape 



Formation of the streptomycetes rodlet layer 

81 

Fig. 4. The rdlA and rdlB genes are not redundant. RNA isolated from cultures that had started to form aerial 

hyphae was hybridized with probes directed against rdlA or rdlB (A). As the deletion of rdlA affected the expression 

of rdlB and vice versa, the single knock-out strains were transformed with pIJ82-rdlA or pIJ82-rdlB. The presence 

or absence of rodlets is indicated by + or - respectively. (B) The ∆rdlB strain transformed with an additional rdlA 

gene does not form rodlets. 

and abundance of the rodlets formed by the rodlins of S. tendae (Fig. 2G) and 

S. griseus (not shown) were similar to those observed in the wild-type strain of 

S. coelicolor (Fig. 2A). These data show that rodlins from S. tendae and S. griseus 

can functionally complement those of S. coelicolor. 

 

RdlA and RdlB are not redundant 

 

Disruption of both rdlA and rdlB in S. coelicolor and S. lividans resulted in the 

absence of rodlets on the surface of aerial hyphae and spores (Claessen et al., 

2002). To investigate whether these genes are redundant, the entire coding 

sequence of rdlA and/or rdlB was replaced by an apramycin resistance cassette in 

S. coelicolor M145 using the polymerase chain reaction (PCR)-targeting disruption 

system (Gust et al., 2003). This resulted in the ∆rdlA, ∆rdlB and ∆rdlAB strains 

respectively. Formation and differentiation of aerial hyphae in the ∆rdlA, ∆rdlB and 

∆rdlAB strains was unaffected on different media and growth conditions (data not 

shown). However, scanning electron microscopy revealed that, unlike the wild-type 

strain, rodlets were absent on aerial hyphae and spores of the single (Fig. 2H) and 

the double knock-out strains (Fig. 2F).  

Expression of rdlB, however, was affected by the deletion of rdlA and vice 

versa. Northern analysis revealed that the amount of mRNA of rdlB was 5- to 10-

fold lower in the ∆rdlA strain (Fig. 4), while a similar reduction was observed for 

mRNA of rdlA in the ∆rdlB strain.  
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Fig. 5. Aerial growth is strongly affected in the ∆chpABCDEFGH strain (B) compared with the wild-type strain (A). 

The aerial hyphae that are formed by the mutant strain clump together and collapse at the surface of the colony. 

Arrows indicate spore chains. 

In contrast to rdlB, two hybridizing mRNAs were observed for rdlA. The significance 

of this is not yet known. To exclude the possibility that the absence of rodlets in the 

single knock-out strains resulted from the decrease in the expression of the intact 

rdl copy, both single knock-outs were transformed with the integrating plasmids 

pIJ82-rdlA and pIJ82-rdlB. Northern analysis revealed that the integration of either 

plasmid restored the mRNA level of the introduced rdl gene (Fig. 4). pIJ82-rdlA 

restored the formation of the rodlet layer in the ∆rdlA strain but not in the ∆rdlB 

strain (data not shown). Similarly, formation of rodlets was rescued in the ∆rdlB 

strain by the introduction of pIJ82-rdlB (data not shown), but not by pIJ82-rdlA 

(Fig. 4). These data show that RdlA and RdlB are not redundant as they are both 

necessary for formation of the rodlet layer. 

 

The small chaplins are necessary for fibril formation and assembly of the 

rodlet layer 

 

Previously, we have shown that rodlets were absent at surfaces of aerial hyphae 

and spores of the ∆rdlAB strain (Claessen et al., 2002) but present on those of the 

∆chpABCDEH strain (Claessen et al., 2003). Instead, surfaces of the ∆rdlAB strain 

were decorated with fine fibrils. To establish whether the formation of rodlets in 

vivo also depends on the presence of chaplins, the remaining chpF and chpG genes 

were deleted in the ∆chpABCDEH strain. Formation of aerial hyphae was severely 

affected in the resulting ∆chpABCDEFGH strain (Fig. 5B) compared with that in the 

wild-type strain (Fig. 5A) and the ∆chpABCDEH strain. 
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Fig. 6. Freeze-fracturing revealed the absence of 

rodlets and fibrils at surfaces of the few aerial hyphae 

in the ∆chpABCDEFGH strain (A). In contrast, rodlets 

were observed at surfaces of spores of the wild-type 
strain (B) and the ∆chpABCDEH strain (C). 

The few aerial hyphae formed clumped together and collapsed on top of the 

submerged hyphae as a result of the binding of water (Fig. 5B). Apparently, these 

hyphae were hydrophilic. Indeed, when droplets of water were placed on top of 

sporulating cultures of the 

∆chpABCDEFGH strain, they spread 

rapidly, whereas they remained spherical 

in the wild-type and ∆chpABCDEH 

strains (data not shown). In contrast to 

the ∆chpABCDEFGH strain, the wild-type 

strain formed abundant aerial hyphae 

that were hydrophobic and stable for 

weeks. Surfaces of the few aerial hyphae 

of the ∆chpABCDEFGH strain possessed 

neither rodlets nor fibrils (Fig. 6A). 

Formation of the rodlet layer and 

surface hydrophobicity were restored in 

the ∆chpABCDEFGH strain after the 

introduction of C61A, containing chpF 

and chpG (not shown). On the other 

hand, deletion of chpF and chpG from 

the wild-type strain did not affect the 

formation of the hydrophobic rodlet layer 

at aerial hyphae and spores, showing 

that ChpF and ChpG are not the only 

chaplins involved in rodlet formation. 

From these data, it is concluded that 

assembly of the rodlet layer is 

dependent on the presence of both 

rodlins and the small chaplins, ChpD–H. 

In addition, we conclude that the 

formation of the fibrils seen in the ∆rdlAB mutant strain depends on chaplin 

proteins. 

 

Expression of rdlA and rdlB depends on aerial hyphae formation 

 

The rdl genes were identified previously as being specifically expressed in aerial 

hyphae. To analyse whether expression of rdlA and rdlB is downregulated in the 
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Fig. 7. Accumulation of rdlA and rdlB mRNA in 3- and 4-day-old cultures of the S. coelicolor wild-type strain and 

the ∆chpABCDEH and the chaplin-less ∆chpABCDEFGH strains (A). Northern blots were rehybridized with 16S rDNA 

as a loading control and to confirm the integrity of the RNA. Expression of rdlA is restricted to the few aerial hyphae 

formed in the ∆chpABCDEH strain as assessed by GFP fluorescence in the ∆chpABCDEH–pIJ8630a strain (B). Bar 

indicates 25 µm. 

∆chpABCDEH and ∆chpABCDEFGH mutants, total RNA from 3- and 4-day-old 

cultures grown on solid medium was hybridized with probes directed against rdlA or 

rdlB. Compared with the wild-type strain, expression of rdlA and rdlB was severely 

affected in the ∆chpABCDEH strain, whereas it was even more reduced in the 

∆chpABCDEFGH strain (Fig. 7A).  

To establish whether the reduced expression levels of the rdl genes in the 

chp mutant strains resulted from the reduced number of aerial hyphae, the 

∆chpABCDEH 

strain was 

transformed with 

pIJ8630a 

containing the 

eGFP gene under 

the control of the 

rdlA promoter. 

Fluorescence of 

green fluorescent 

protein (GFP) was 

restricted to the 

few aerial hyphae 

that had formed 

(Fig. 7B). 

Fluorescence per 

aerial hypha was 

similar to that of 

the wild-type 

strain. We thus 

conclude that the 

expression level of 

rdlA is determined 

by the number of 

aerial hyphae. 
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DISCUSSION 

 

Recently, it was shown that not only SapB (Tillotson et al., 1998) but also ChpD–H 

can reduce the water surface tension to allow S. coelicolor hyphae to grow into the 

air (Claessen et al., 2003). A strain in which six out of eight chaplins were deleted 

was severely affected in the formation of aerial hyphae, but the aerial hyphae that 

had formed still possessed the characteristic rodlet layer. We have shown here that 

a strain in which all chaplin genes were deleted was further reduced in its ability to 

form aerial hyphae. Moreover, the few aerial hyphae that had formed now lacked 

the rodlet layer. Apparently, chaplin proteins play a role in escape of hyphae from 

the aqueous environment and in coating the aerial hyphae with a rodlet layer. 

Another class of proteins involved in the formation of this surface layer is the 

rodlins (Claessen et al., 2002). These proteins, however, do not play a role in 

reduction of the water surface tension as they are only formed by aerial hyphae or 

hyphae in contact with a hydrophobic solid (Claessen et al., 2002). 

Deletion of either rdl gene was sufficient to prevent rodlet formation, 

showing that both proteins are essential. The mechanism of rodlet formation seems 

to be conserved in streptomycetes. S. tendae and S. griseus also contain two rodlin 

genes, and these could functionally complement the ∆rdlAB strain of S. coelicolor. 

In addition, the genetic organization of the rodlin genes has been conserved in 

streptomycetes. Homologues of chpA and chpD were found to be clustered with the 

rodlin genes within the genomes of these three streptomycetes. These species 

represent members that are quite diverged. Interestingly, neither aerial hyphae nor 

spores of S. avermitilis were decorated with rodlets. This correlates with the 

absence of rodlin genes in the genome of this streptomycete (Ikeda et al., 2003). 

In fact, the homologues of chpA and chpD are also absent while homologues 

encoding for ChpB, ChpC and the variants detected in the liquid medium (ChpE and 

ChpH) are present (http://avermitilis.ls.kitasato-u.ac.jp/). Apparently, the part of 

the genome of S. avermitilis containing the rodlin gene cluster is lost in evolution 

without an obvious loss of its ability to differentiate. In agreement, aerial hyphae 

formation was essentially unaffected in S. coelicolor strains lacking four chp genes 

or the rdl genes (Claessen et al., 2002; 2003). 

Formation of rodlets is not restricted to aerial spores per se. In contrast to 

S. tendae and S. coelicolor, some strains of S. griseus form spores in submerged 

cultures as well. These spores are decorated with rodlets, like the spores produced 

by aerial hyphae. This indicates that the rodlet layer can be assembled in the 
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Fig. 8. The formation of 

rodlets depends on the 

presence of rodlins and 

chaplins. Chaplin 

monomers assemble into 

small fibrils that are 

randomly distributed in 

the absence of rodlins. In 

the presence of both 

rodlins RdlA and RdlB, 

the fibrils are aligned in 

rodlets. These rodlets 

consist of two rods, each 

of which comprises two 
fibrils. 

absence of a hydrophobic-hydrophilic interface as occurs in filamentous fungi 

(Wösten et al., 1993). Thus, expression seems to determine where rodlets are 

formed rather than the presence of a hydrophobic-hydrophilic interface. 

We showed previously that the rodlet layer was absent at surfaces of spores 

of the ∆rdlAB strain (Claessen et al., 2002). Instead, fine fibrils were observed. 

Interestingly, neither rodlets nor fibrils could be detected at surfaces of the chaplin-

less strain ∆chpABCDEFGH. Surfaces of the few aerial hyphae that had formed were 

smooth. A detailed view of the ultrastructure of the rodlet layer suggests that a 

rodlet consists of two rods that are themselves composed of two smaller fibrils 

(Wildermuth et al., 1971; Claessen et al., 2003). These fibrils have a size similar to 

that of an assembled chaplin fibril (Claessen et al., 2003). Based on these data, we 

propose that the RdlA and RdlB rodlins do not assemble into rodlets themselves but 

align chaplin fibrils into a rodlet layer (Fig. 8). 

 

 

 

 

In the absence of either rodlin, the alignment can no longer take place, and 

fibrils of small chaplins (ChpD–H) are deposited randomly at the hyphal surface. As 

rodlets identical to the wild-type strain were observed on surfaces of the 

∆chpABCDEH strain, ChpF and ChpG are apparently sufficient for the formation of 

the individual fibrils. However, they can be substituted by the other chaplins 

because a strain in which the chpF and chpG genes were deleted still formed 

rodlets. 

We have tried to support the presented model with biochemical data. 

Rodlins can only be isolated from cell walls using trifluoroacetic acid. However, this 

solvent completely unfolds the proteins (D. Claessen, unpublished). Similarly, 
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rodlins produced in Escherichia coli were also unstructured. We therefore believe 

that in vivo as yet unidentified chaperones are involved in the folding of these 

proteins. 

 

A ‘sensing’ mechanism that directs expression of genes encoding proteins involved 

in aerial hyphae formation 

 

Previously, genes have been isolated that are blocked in the formation of aerial 

hyphae by interfering in regulatory pathways (Kelemen and Buttner, 1998; Chater, 

2001). For instance, bldN encodes a developmental sigma factor (Bibb et al., 

2000). Elliot et al. (2003) showed that expression of rdlA (and rdlB) was severely 

reduced in a bldN mutant, suggesting that expression of this gene is controlled by 

this or any earlier bld gene. If expression of rdlA and rdlB was solely dependent on 

the bld genes, one would expect these rodlin genes to be similarly expressed in the 

wild-type and chaplin-less strain. Interestingly, this was not observed. Expression 

of rdlA and rdlB in the colony was strongly reduced in the chaplin-less strain 

∆chpABCDEFGH. However, expression per hypha was unaffected, as was shown 

using GFP as a reporter. These data strongly suggest that expression of the rodlin 

genes is initiated when a sensor has signalled that the hypha has left the aqueous 

environment. The rdl genes are expressed not only in hyphae that grow in the air 

but also in hyphae contacting hydrophobic solids (Claessen et al., 2002) under 

oxygen-limited conditions (van Keulen et al., 2003). This suggests that regulation 

of these rdl genes, and possibly other developmentally regulated genes, is not 

signalled through oxygen levels for instance. We propose that a molecule(s) 

accumulates in the cell wall of aerial hyphae, or hyphae in contact with a 

hydrophobic solid, that would otherwise diffuse into the medium. Accumulation of 

this molecule would be sensed and trigger rodlin expression. This mechanism would 

be similar to that proposed for pheromones in filamentous fungi, the so-called 

autocrine response (Hartmann et al., 1996; 1999). 
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SUMMARY  

 

Chaplins enable the filamentous bacterium Streptomyces coelicolor to escape the 

aqueous environment to grow into the air and confer hydrophobicity to the aerial 

hyphae and spores. In this paper we show that chaplins also mediate attachment of 

hyphae to a hydrophobic surface, for which two mechanisms were observed. 

Chaplin-mediated attachment depended in gNMMP medium on the rodlins RdlA and 

RdlB, while in mNMMP attachment was independent of these proteins. In mNMMP, 

fibrils with a diameter of 30-100 nm were shown at surfaces of attached hyphae of 

the wild-type and the ∆rdlAB strain. These fibrils were hardly observed in case of 

the chp-less mutant and in hyphae of the wild-type strain grown on gNMMP. 

Chaplins assemble into amyloid fibrils at an interface between water and a 

hydrophobic solid, and even in solution once an assembled nucleus of chaplins is 

present. We therefore propose that the chaplin fibrils are involved in both 

attachment mechanisms. Moreover, they appear to be functional in providing 

dispersed growth of the mycelium. In contrast to a wild-type strain, hyphae of the 

chp-less mutant formed large clumps of mycelium when they were in contact with a 

hydrophobic solid or grown in a liquid shaken culture.    

 

INTRODUCTION 

 

Within the bacterial domain streptomycetes are well-known for their characteristic 

mode of growth by forming filaments that extend at their apices. This feature makes 

these soil bacteria particularly successful in colonizing and degrading organic material. 

After a feeding substrate mycelium has been formed, hyphae grow out of the 

substrate into the air to form chains of hydrophobic spores. These spores are 

dispersed by wind or insects enabling this organism to colonize a substrate elsewhere.  

 Formation of aerial hyphae and spores has been studied intensely in the model 

streptomycete Streptomyces coelicolor (Bentley et al., 2002). Bald (bld) mutants have 

been isolated that fail to form aerial hyphae under certain growth conditions (Kelemen 

and Buttner, 1998; Chater, 2001). In most of these bld strains genes are mutated 

that encode proteins with an apparent regulatory function (Kelemen and Buttner, 

1998; Chater, 2001). Recently, two classes of structural proteins, called chaplins 

(Claessen et al., 2003; Elliot et al., 2003) and rodlins (Claessen et al., 2002), were 

identified that are involved in formation of aerial hyphae.  
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Eight chaplin genes, called chpA-H, were identified in the genome of S. coelicolor 

encoding hydrophobic secreted proteins (Claessen et al., 2003; Elliot et al., 2003). 

Mature forms of ChpA-C (± 225 aa) consist of two domains similar to ChpD-H (± 55 

aa) followed by a cell wall sorting signal that is expected to covalently anchor the 

proteins to the peptidoglycan layer (Mazmanian et al., 1999; Mazmanian et al., 2001). 

Submerged growing hyphae secrete ChpE and ChpH into the culture medium. These 

chaplins facilitate the escape of hyphae into the air by lowering the water surface 

tension. ChpA-H are secreted in the cell walls of aerial hyphae where they provide 

surface hydrophobicity (Claessen et al., 2003). Chaplins enable aerial growth and 

confer surface hydrophobicity by assembling into small 4- to 6-nm-wide amyloid fibrils 

at the water-air and water-cell wall interface, respectively. Instead of being deposited 

randomly, as occurs in vitro, the chaplin fibrils are aligned into rodlets at the surface 

of aerial hyphae (Claessen et al., 2004). This process seems to be mediated by the 

two homologous rodlins RdlA and RdlB (Claessen et al., 2004), which are produced by 

aerial hyphae (Claessen et al., 2002). Deletion of either rdl gene resulted in a random 

deposition of the chaplin fibrils at the hyphal surface. Thus, rodlins are not redundant. 

Apart from aligning the chaplin fibrils, rodlins attach hyphae to hydrophobic surfaces 

during growth in liquid standing cultures with glucose as carbon source (Claessen et 

al., 2002; van Keulen et al., 2003). Hyphae that had attached to the hydrophobic 

surface of microtiter plates expressed both rodlin genes, while hyphae surrounded by 

liquid did not. The mechanism by which rodlins attach hyphae is not known yet. 

We here show that chaplins mediate attachment of hyphae to hydrophobic 

surfaces. Two mechanisms are described, one of which being rodlin-dependent the 

other being rodlin-independent. Since chaplins assemble at a water-hydrophobic solid 

interface and even in solution when a nucleus of assembled chaplins is present, it is 

proposed that in both cases attachment is mediated by the amyloid fibrils of chaplins. 

These fibrils probably also provide dispersed growth of wild-type strains. 

 

METHODS 

 

Strains and plasmids 

 

The following streptomycete strains were used: Streptomyces coelicolor M145 (Kieser 

et al., 2000), S. coelicolor ∆rdlAB (Claessen et al., 2004), S. coelicolor ∆chpABCDEH 

(Claessen et al., 2003), and S. coelicolor ∆chpABCDEFGH (Claessen et al., 2004). 

Cloning was done in Escherichia coli DH5α, while E. coli BL21(DE3) (Stratagene) was 
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used for heterologous expression of rdlA and rdlB. Vectors and constructs used in this 

work are shown in Table 1. 

 

Growth conditions and media 

 

S. coelicolor strains were grown at 30 °C on gNMMP, mNMMP (van Keulen et al., 

2003), R5 or MS (Kieser et al., 2000) agar medium. Liquid shaken cultures were 

grown in YEME (Kieser et al., 2000), mNMMP or gNMMP (van Keulen et al., 2003). For 

growth in standing liquid cultures (van Keulen et al., 2003), mycelium from 20 ml of a 

2-day-old YEME liquid shaken culture was washed twice with 0.1 M NaH2PO4/K2HPO4 

buffer (pH 6.8) and taken up in 10 ml of the same buffer. 100 µl of this suspension 

was added to 125 ml gNMMP or mNMMP, which was subsequently used to fill 96-well 

flat-bottomed microtiter plates with 200 µl per well (Costar, Corning).  

E. coli strains expressing rdlA or rdlB were inoculated in 30 ml LB medium 

(pH 7.0) containing ampicillin (100 µg ml-1) and grown for 16 h at 37 ºC in shaken 

flasks (250 rpm). These cultures were used to inoculate 3 L fermentors (1:100) 

containing LB medium with the antibiotic. Expression of rdlA and rdlB was induced 

by adding 0.6 mM IPTG at OD600 of 0.6. Cells were harvested 4 h after induction. 

 

Construction of rodlin expression vectors  

 

For expression of rdlA in E. coli, a 346 bp fragment was generated by PCR using 

genomic DNA as a template and the oligonucleotides rdlAFW 

(ACGTGTACGACCATGGATATCGGGGACGACAACGGGCCGGCCGT) and rdlAREV 

(ACGTGTACGAGTCGACTCAGCGGCCCTCGCCGTTCGCCGACA) as primers. These 

primers contain restriction sites for NcoI and SalI (underlined), respectively. 

Similarly, a 352 bp rdlB fragment was amplified using oligonucleotides rdlBFW 

Table 1.  Vectors and constructs used in this study 

Plasmid  Description  Reference 

pBluescript II KS+ pUC18 derivative for cloning in E. coli 

 

Stratagene 

pProEX-HTA E. coli expression vector for translational fusions 

to an N-terminal polyhistidine (6x His) followed 

by a TEV protease cleavage site  

 

Invitrogen 

pProEX-A pProEX-HTA containing the coding sequence of 

mature rdlA  

 

This work 

pProEX-B pProEX-HTA containing the coding sequence of 

mature rdlB 

This work 
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(ACGTGTACGACCATGGATATCGGCGACGACAGCGGGCCCGTCTCCGCCAA) and 

rdlBREV (ACGTGTACGAGTCGACTCAGCCCTTGCCGCCCTCGCCGTT). The resulting 

DNA fragments, encoding the mature forms of RdlA or RdlB, were digested with 

NcoI and SalI and ligated into the respective sites of pProEX-HTA, resulting in 

pProEX-A and pProEX-B, respectively. In this way the rodlin sequences were N-

terminally fused with a His-tag separated by a spacer containing a Tobacco Etch 

Virus (TEV) protease cleavage site. Sequences of the PCR fragments were 

confirmed by sequence analysis. 

 

Purification of rodlins and chaplins from S. coelicolor and E. coli 

 

Rodlins and chaplins were extracted from SDS-treated cell walls of sporulating 

cultures of the S. coelicolor wild-type strain with trifluoroacetic acid (TFA) (Claessen 

et al., 2002). The solvent was removed by a stream of air and extracts were taken 

up in water. After rotating samples for 30 min using a test tube rotator at 28 rpm, 

the mixture was centrifuged for 15 min at 14,000 g. The rodlins were found in the 

supernatant, while assembled chaplins were contained in the pellet. The latter 

proteins could subsequently be monomerized using TFA. Chaplins were also isolated 

from cell walls of the S. coelicolor ∆rdlAB strain as described (Claessen et al., 

2003). TFA extracts were taken up in water (50-200 µg ml-1), and, if necessary, 

adjusted to pH 7 with diluted ammonia.  

Recombinant rodlins were purified from cultures of E. coli (see above). Cells 

were harvested by centrifugation at 4,000 g for 10 min, after which they were 

resuspended at 4 ºC in 50 mM Tris-HCl, pH 8.5 containing 10 mM β-

mercaptoethanol and 1 mM PMSF (4 Vol buffer g-1 wet weight). The cell suspension 

was sonicated and debris was removed by centrifugation at 10,000 g for 10 min. 

The crude extract containing RdlA or RdlB was applied on a Ni-NTA column and 

purified according to the instructions of the manufacturer (Invitrogen). The His-tag 

was removed using TEV-protease (leaving the GAM tripeptide of the spacer) 

followed by separation of the His-tag and the protease from the recombinant rodlin 

according to instructions of the manufacturer (Invitrogen). Prior to use, the rodlin 

protein fraction was dialyzed against water.  
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Gel electrophoresis and Western blotting 

 

SDS-PAGE was done in 16% gels as described (Laemmli, 1970). Prestained broad 

range molecular weight markers of Bio-Rad were used. After separation, proteins 

were stained with 0.25% Coomassie Brilliant Blue G-250 (CBB) or silver, or blotted 

onto a polyvinylidene fluoride (PVDF) membrane using semi-dry blotting. PVDF 

membranes were treated with diluted anti-RdlA/RdlB serum (1:1000) (Claessen et 

al., 2002) as described (Harlow and Lane, 1988). 

 

Electron microscopy 

 

For negative staining, mycelium was placed on Formvar-coated nickel grids. After 

extensive washing with water, staining was done for 2 sec with 0.2% uranyl 

acetate. Samples were analysed with a Philips CM10 electron microscope. 

 

Circular dichroism (CD)  

 

CD-spectra were recorded over the wavelength region 190-250 nm on an Aviv 62A 

DS Circular Dichroism spectrometer, using a 5 mm quartz cuvette. The temperature 

was kept constant at 25 °C and the sample compartment was flushed with a 

continuous stream of N2. Spectra are the average of three scans using a band width 

of 1 nm, a step width of 1 nm and 5 seconds averaging per point. The spectra were 

corrected by using a reference solution without the protein. Typically, a protein 

concentration of 50-200 µg ml-1 was used. To determine the secondary structure of 

the protein interacting with a hydrophobic support, an amount of colloidal Teflon 

was added such that the protein in solution could cover 10% of the surface of the 

solid (de Vocht et al., 1998).  

 

Fluorescence spectroscopy 

 

To study the interaction of chaplins with the amyloid-specific fluorescent dye 

Thioflavine T (ThT), 3 µM of ThT was added to the proteins in different conformations. 

The fluorescence at 482 nm (excitation = 450 nm) was followed on an Aminco-

Bowman series 2 luminescence spectrometer (SLM-Aminco®). 
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Attachment assay 

 

Attachment of hyphae in standing liquid cultures in polystyrene microtiter plates was 

quantified as follows: 25 µl crystal violet (Acros Organics) was added to each well and 

left at room temperature for 10 min. For gNMMP cultures, plates were then washed 

three times with water using a Vaccu-Pette/96 (Sigma), removing all non-adherent 

cells. For mNMMP cultures, plates were vigorously washed by immersing the plate 

upside down in a sink with running tap water (tap diameter 1.7 cm; distance to the 

tap 40 cm; water flow 9 l min-1). In this way, wells that had filled with water during 

downward movement were sucked empty during upward movement. After drying at 

30°C, crystal violet associated with the attached biomass was solubilised in 200 µl 

10% SDS by shaking at 900 rpm for 30 min. The OD570 of 100 µl aliquots was 

determined in a microtiter plate reader. If necessary, dilutions were made in 10% 

SDS. 

 

RESULTS 

 

Chaplins are involved in attachment  

 

We previously showed that rodlins are involved in attachment of S. coelicolor in 

gNMMP liquid standing cultures using spores as inoculum (Claessen et al., 2002; van 

Keulen et al., 2003). Using these conditions, attachment of the wild-type strain was 

stronger compared to that of the ∆rdlAB strain. To establish whether chaplins are also 

involved in attachment in this medium, the wild-type and the ∆chpABCDEFGH strain 

were grown in microtiter plates. In this case, mycelium was used as inoculum since 

the ∆chpABCDEFGH strain hardly forms spores (Claessen et al., 2004). Biomass 

formation of the strains was similar and reproducible (data not shown). Yet, 

reproducibility of attachment of the wild-type strain was rather low: the wild-type 

strain attached to the walls of the microtiter plate in most, but not all, cases. In case 

the wild-type strain had attached, most of the mycelium resisted gentle washing but 

all mycelium was removed by washing vigorously. In contrast, mycelium of the 

∆chpABCDEFGH strain consistently was already largely removed by gentle washing 

(Fig. 1A, C). These data show that apart from rodlins, also chaplins are involved in 

attachment of hyphae to a hydrophobic surface when grown in gNMMP medium. 

To establish whether attachment depends on the medium used, the wild-type 

strain as well as the ∆rdlAB and the ∆chpABCDEFGH strain were grown in minimal 
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Fig. 1. Chaplins are involved in attachment of hyphae to polystyrene. Cultures were grown for 7 days on gNMMP (A, C) 

or mNNMP (B, D). (A, B) Qualitative assessment of attachment of the wild-type (M145) strain and the ∆chpABCDEFGH 

strain by gentle and vigorous washing with water. Arrows indicate attached mycelium stained with crystal violet. (C, D) 
Quantitative assessment of attachment of the wild-type (M145) strain (●) and the ∆chpABCDEFGH strain (○) by gentle 

(C) and vigourous (D) washing with water. 

medium with mannitol as carbon source (mNMMP medium). No difference in 

attachment was observed between the strains when microtiter plates were gently 

washed. However, when plates were washed vigorously, 20-40% of the wild-type and 

70-90% of the ∆chpABCDEFGH hyphae detached (Fig. 1B). This was irrespective of 

the growth stage (Fig. 1D). The ∆rdlAB strain behaved like the wild-type (not shown). 
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Fig. 1. Negative 

staining of attached 

hyphae of the S. 

coelicolor wild-type 

strain (A, D), the 

∆rdlAB strain (B, E) 

and the 

∆chpABCDEFGH 

strain (C, F) grown in 

mNMMP (A-C) and 

gNMMP (D-F). Arrows 

indicate the 30-100 

nm-wide fibrillar 

structures. Bar 
represents 2.5 µm. 

Attached mycelium of the different strains that resisted vigorous washing was studied 

by electron microscopy. Interestingly, thin fibrillar structures with a diameter of 30-

100 nm were abundantly present at surfaces of wild-type and ∆rdlAB adhering hyphae 

that had grown in mNMMP (Fig. 2A, B). These fibrils were present throughout 

culturing (up to 15 days) and were tightly associated with the hyphae, thus forming 

an intercellular matrix. These fibrillar structures were hardly observed in the 

∆chpABCDEFGH strain (Fig. 2C). Instead, amorphous material was shown at and 

between hyphal surfaces of this mutant strain.  

 

 

 

 

 

 

 

 

 

 

 

 

To study whether the fibrillar structures correlate with strong attachment, 

occurrence of these structures was also analysed in cultures grown in gNMMP. They 

appeared to be very low in abundance in case of the wild-type strain and the ∆rdlAB 

strain, and were completely absent in the ∆chpABCDEFGH strain (Fig. 2D-F). In all 

three cases, amorphous material was observed. From these data we conclude that 

formation of the intercellular fibrillar matrix depends on chaplins and is associated 

with strong attachment. 
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Fig. 3. Chaplins mediate dispersed growth of the mycelium in liquid standing (A) and liquid 

shaken (B) cultures. 

Chaplins mediate dispersed growth 

 

When strains were grown as standing liquid cultures, a clear difference was observed 

in the morphology of the mycelium of the wild-type and the ∆chp strains. This 

difference was especially evident on mNMMP medium. The wild-type strain colonized 

the entire polystyrene surface. In contrast, the ∆chpABCDEFGH formed patches of 

large clumps of mycelium at this surface. The ∆chpABCDEH strain had an intermediate 

phenotype (Fig. 3A). Similar results were obtained in liquid shaken cultures. The 

∆chpABCDEFGH strain formed larger pellets than the ∆chpABCDEH strain, the wild-

type strain growing most dispersed (Fig. 3B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Structural changes of rodlins and chaplins 

 

A mixture of rodlins and chaplins was isolated by extracting SDS-treated cell walls 

of sporulating cultures of the S. coelicolor wild-type strain with TFA (see for details 

Methods). Vortexing aqueous solutions of this extract resulted in a milky solution 

coinciding with the assembly of the chaplins into large aggregates that could not 
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Fig. 4. TFA extracts of SDS-treated cell 

walls of the S. coelicolor wild-type strain 

contain a mixture of chaplins (ChpD-H) 

and rodlins (RdlA + RdlB) as can be 

visualized by SDS-PAGE (lane 1). 

Vortexing induces assembly of the 

chaplins that can no longer enter the 

separation gel but rodlins remain soluble 

(lane 2). Rodlins are found in the 

supernatant after centrifugation (lane 

3), while assembled chaplins are 

contained in the pellet (lane 4). The 

assemblage can be dissociated into 
monomers by TFA.  

enter the stacking gel (Fig. 4). In contrast, the rodlins remained soluble and were 

found in the supernatant after centrifugation. The chaplin aggregates that were 

pelleted upon centrifugation could be dissociated into monomers with TFA. After 

removal of the solvent, chaplins were soluble in SDS sample buffer or water. Thus, 

rodlins and chaplins can be separated by vortexing followed by centrifugation.  

 

 

 

 

 

 

 

 

 

 

Secondary structure of rodlins and chaplins was studied using circular 

dichroism (CD). Previously, it was shown that purified chaplins (ChpD-H) are 

unstructured when dissolved in water. However, at a water-air interface they self-

assemble into amyloid fibrils, which is accompanied by the formation of β-sheet 

structure (Claessen et al., 2003). The structure of water-soluble chaplins (Fig. 5A, 

dashed line) also changed upon adding excess of colloidal Teflon (Fig. 5A, thin solid 

line). The CD spectrum indicated formation of α-helix (Chang et al., 1978). The 

conversion towards the α-helical state did not increase the fluorescence of the amyloid 

specific dye ThT (Table 2). The chaplins pelleted together with the Teflon spheres 

upon centrifugation, indicating that the chaplins were bound to the Teflon (not 

shown). When the chaplins adsorbed to Teflon were treated at 85 °C in the presence 

of 0.1% Tween-20, the spectrum became indicative for β-sheet structure (Fig. 5A, 

thick solid line). This treatment increased ThT fluorescence 36-fold (Table 2). This 

increase was similar to that obtained after vortexing a chaplin solution and showed 

that all monomers had assembled into amyloid fibrils (Table 2). From these data it is 

concluded that the amyloid structure of chaplins can be induced at a Teflon surface by 

treating the adsorbed protein with diluted detergent at elevated temperature. 

The spectrum of an aqueous solution of rodlins obtained from cell walls of 

S. coelicolor was indicative for random coiled proteins (Fig. 5B, dashed line). 

Spectra changed dramatically within a few seconds after adding an excess of 

colloidal Teflon to the aqueous solutions of the rodlins (Fig. 5B, solid line). These 

changes were indicative for formation of α-helix. Teflon particles as well as the 
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Fig. 5. Structural changes of rodlins and chaplins at the 

Teflon surface. Proteins were isolated from cell walls of 

sporulating cultures of the S. coelicolor wild-type strain. 

(A) Spectrum of ChpD-H before (dashed line) and after 

(solid line) addition of colloidal Teflon and subsequent 

treatment with 0.1% Tween-20 at 85 °C (thick solid 

line). (B) Spectrum of  RdlA and RdlB before (dashed 
line) and after (solid line) addition of colloidal Teflon. 

protein pelleted upon centrifugation, showing that the rodlins adsorbed to the solid. 

The spectra did not change by treating the samples at 85 °C in the absence or 

presence of 0.1% Tween-20 (results not shown).    

To exclude that treatment with 

TFA (being part of the purification 

method) affected the structural changes 

of the rodlins, it was decided to produce 

RdlA and RdlB in the medium. However, 

rodlins isolated from the cell walls of 

aerial hyphae were shown to be 

degraded in spent media of 3-day-old 

shaken cultures of Streptomyces 

lividans. Similarly, rodlins were 

degraded in spent media of Bacillus 

subtilis, Aspergillus niger, Trichoderma 

reesei, Schizophyllum commune and 

Pseudomonas alcaligenes (not shown). 

In contrast, rodlins were found to be 

stable in spent medium of Escherichia 

coli. Therefore, the coding sequences of 

mature rdlA and rdlB were cloned in the 

expression vector pProEX-HTA, resulting 

in constructs pProEX-A and pProEX-B. In 

this way the mature rodlin forms were 

fused with a His-tag separated by a 

spacer containing a Tobacco Etch Virus (TEV) protease cleavage site. Expression 

from these vectors in E. coli strain BL21(DE3) resulted in 2-5 mg L-1 His-RdlA and 

His-RdlB. After removal of the His-tag, masses of the rodlins agreed with those 

predicted from the gene sequences (Claessen et al., 2002) assuming the presence 

of the GAM tripeptide of the spacer (results not shown). Spectra and ThT 

fluorescence of recombinant RdlA and RdlB and mixtures thereof were similar to 

those obtained with the rodlins purified from the cell walls of S. coelicolor after the 

various treatments. Moreover, the spectra of the recombinant rodlins were identical 

(random coil) before and after vortexing (results not shown).  



Functions of chaplins in Streptomyces 

101 

Fig. 6. Assembly of chaplins 

occurs above a critical 
concentration of 10.6 µg ml-1 

and is independent from a 

hydrophilic-hydrophobic 

interface once a nucleus of 

assembled chaplin is present. 

(A) ThT fluorescence after 

vortexing aqueous solutions 
of chaplins (0-20 µg ml-1) for 

10 min. (B) Mixtures of 

chaplins and rodlins were 

incubated for 60 min with 

increasing amounts of 

seeding chaplin fibrils, water 

serving as a control (lane 2). 

The specific decrease in 

chaplin monomers indicates 

their assembly. The amount 

of monomeric chaplins prior 

to the addition of fibrils is 

shown in lane 1 (T=0). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Assembly of chaplins in an aqueous solution is concentration dependent and 

is promoted by the presence of the assembled form 

 

The small chaplins, ChpD-H, were assembled at 22 °C for 10 min at a dynamic water-

air interface (obtained by vortexing). No increase in ThT fluorescence was observed at 

a protein concentration below 10.6 µg ml-1. Above this concentration fluorescence 

increased with increasing protein concentration (Fig. 6A). From these data it is 

concluded that assembly of ChpD-H into amyloid-like fibrils is concentration 

dependent.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. ThT Fluorescence (3 µM) upon interaction with chaplins (14 µg ml-1) in 

different conformations. Fluorescence of ThT in the absence of protein was set at 1 

and data were corrected for autofluoresence of the Teflon spheres 

Conformation of chaplin  Relative ThT 
fluorescence 

Water soluble 

 

4.6 (± 0.47) 

α-helical conformation on Teflon 

 

0.59 (± 0.069) 

β-sheet conformation on Teflon (5 min after addition 

of 0.1% Tween-20 at 85 °C) 

 

166 (± 2.1) 

 

β-sheet conformation induced by vortexing 159 (± 5.7) 



Chapter 6 

 102

Amyloid fibrils of the small chaplins (up to 1.5 µg in 25 µl) were added to 50 µl still 

aqueous solutions of monomeric chaplins, ChpD-H (50 µg ml-1). SDS-PAGE showed 

that the amount of monomeric chaplins did not decrease during 1 h incubation when 

no amyloid fibrils were added (Fig. 6B). In contrast, more and more monomeric 

chaplin material disappeared from solution upon addition of increasing amounts of the 

assembled form. This coincided with increase in ThT fluorescence showing that the 

soluble chaplins assembled into amyloid fibrils (data not shown). Thus, assembly of 

chaplins becomes independent from a hydrophilic-hydrophobic interface once a 

nucleus of assembled chaplins is present.  

 

DISCUSSION 

 

This work shows that chaplins of S. coelicolor not only are involved in escape of 

hyphae from the aqueous environment into the air and in making aerial structures 

hydrophobic (Claessen et al., 2003) but also function in hyphal attachment and in 

dispersed growth of a mycelium. It thus shows that these proteins serve multiple 

functions in growth and development of this filamentous bacterium. 

S. coelicolor has evolved two chaplin dependent ways to attach itself to 

hydrophobic solids. These different mechanisms were observed in gNMMP and 

mNMMP medium, respectively. Strongest attachment was observed in mNMMP. In this 

medium, adhering hyphae of the wild-type and the ∆rdlAB strain had formed a matrix 

of fibrillar structures of 30-100 nm in diameter. These filaments were hardly observed 

in the ∆chpABCDEFGH strain. Instead, amorphous material was shown at and in 

between the hyphal surfaces. Absence of the filaments correlated with a severely 

reduced capacity to attach as was shown for the ∆chpABCDEFGH strain in mNMMP 

medium and the wild-type and ∆rdlAB strains in gNMMP. Thus, the attachment in 

mNMMP depends on the presence of chaplins but not on rodlins. However, other 

components are expected to be involved. This is not only concluded from the presence 

of the amorphous material at hyphal surfaces of the ∆chpABCDEFGH strain in mNMMP 

but also from the fact that the fibrils formed by chaplin monomers are smaller than 

30-100 nm (i.e. 4-6 nm; Claessen et al., 2003). Assembly of chaplins was shown to 

be independent from a hydrophilic-hydrophobic interface provided that a nucleus of 

assembled chaplin is present. The observed 30-100 nm fibrils may thus consist of 

chaplin amyloid as well as material of unknown nature.  

The rodlin-independent chaplin-mediated attachment resembles that by which 

pathogenic bacteria, like Escherichia and Salmonella spp., adhere to their hosts 
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(Chapman et al., 2002; Vidal et al., 1998). Also in these organisms amyloid fibrils, 

called curli (Olsén et al., 1989), form an intercellular matrix. The major constituent of 

curli fibrils is the CsgA protein, although other proteins are involved in the assembly 

process, e.g. CsgB and CsgF, that guide nucleation of CsgA (Chapman et al., 2002). 

The nucleation of chaplins in the absence of an hydrophobic-hydrophilic interface 

remains to be elucidated.  

The second mechanism of chaplin-dependent attachment, as observed in 

gNMMP, is dependent on rodlins and is much weaker than attachment in mNMMP. 

Deletion of both rodlin genes in S. coelicolor and S. lividans strongly reduced 

attachment in gNMMP (Claessen et al., 2002). Similarly, deletion of the chaplin genes 

affected attachment in this medium. This may be explained by two phenomena. First, 

chaplins were shown to affect dispersed growth of submerged hyphae in contact with 

a solid. The increase in bundling of submerged hyphae would result in less contact 

sites with the solid, thus reducing attachment. Second, attachment of hyphae at the 

contact sites may be mediated by rodlets. Previously it was shown that these 

structures are formed at the cell wall-air interface of aerial hyphae as the result of the 

interplay between rodlins and chaplins (Claessen et al., 2004). Formation of rodlets at 

a hydrophobic solid would explain why both chaplins and rodlins affected attachment 

in gNMMP. Experimental data suggest that at least amyloid fibrils, and therefore 

rodlets as well, can indeed be formed at the cell wall-solid interface. Chaplins adopted 

a structure rich in α-helix at the surface of Teflon. This structure may well be an 

intermediate of the assembly process analogous to that observed for other amyloid 

forming proteins (de Vocht et al., 1998, 2002; Giacomelli and Norde, 2003). The end 

state of assembly could be induced by treating the solid at elevated temperatures with 

0.1% Tween. Possibly, streptomycetes growing at a hydrophobic solid secrete 

molecules with a mode of action similar to that of Tween that help chaplin molecules 

to adopt the amyloid end state. These fibrils would then interact with the rodlins to 

form the rodlets.  

How the chaplin fibrils are aligned in rodlets by the rodlins is still unknown. 

Rodlins isolated from cell walls of aerial hyphae of S. coelicolor or heterologously 

expressed in Escherichia coli were unstructured and did not assemble at the water-air 

interface. However, at the interface between water and a hydrophobic solid α-helix 

was formed. Whether this is a functional structure remains to be determined. It can 

not be excluded that in vivo other proteins (foldases) fold rodlins into a conformation 

that functions in assembly of the rodlet layer. It seems very unlikely that rodlins are 

present in this layer in an unfolded state, especially as they are insoluble in hot SDS 

when they reside in the cell wall (Claessen et al., 2002).  
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The rodlin-dependent chaplin-mediated attachment is similar to that by which certain 

filamentous fungi adhere to surfaces (Wösten et al., 1994b). The hydrophobin SC3 of 

the fungus S. commune was shown to assemble into (amyloid-like) rodlets at the 

interface between the cell wall and the hydrophobic solid. Strong attachment is 

realised due to the fact that the rodlets have an amphipathic nature, thereby bridging 

the hydrophilic cell wall and the hydrophobic solid.  

Chaplins were also shown to affect dispersed growth in liquid shaken cultures. 

Hyphae in the ∆chpABCDEH and ∆chpABCDEFGH strains clumped together suggesting 

that chaplins somehow prevent aggregation of submerged hyphae. It was previously 

shown that ChpE and ChpH are secreted into the medium (Claessen et al., 2003). 

However, these chaplins are not the (only) chaplins that fulfil this task since deletion 

of chpF and chpG in the ∆chpABCDEH strain further affected dispersed growth. 

Possibly, chaplins affect the composition of the cell wall thereby preventing hyphal 

aggregation. Since chaplins were shown to self-assemble irrespective of a hydrophilic-

hydrophobic interface once an assembled nucleus is formed, it may well be that 

assembled chaplins affect the properties of the cell wall. 
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Within the bacterial domain streptomycetes have an unusual life cycle. These 

microorganisms colonize dead and living organic material by means of hyphae that 

grow at their apices. The hyphae are part of an interconnected network, which is 

called a mycelium. At a certain moment, hyphae grow out of the substrate into the 

air. The aerial hyphae eventually septate to form chains of exospores that, after 

dispersal, give rise to new mycelia. Streptomycetes not only grow in moist 

substrates or in the air but they may also grow over and attach to hydrophobic 

surfaces such as the leaf of a plant or the skin of an animal. The mechanisms 

enabling streptomycetes to leave the aqueous environment and to grow into the air 

or to attach to a hydrophobic solid was the subject of this Thesis. Two classes of 

proteins, called chaplins and rodlins, were identified that are involved in these 

processes.  

 

Formation of aerial structures in S. coelicolor 

 

The role of SapB in formation of aerial hyphae 

 

The regulatory pathways underlying aerial growth in the model streptomycete 

Streptomyces coelicolor have been studied for many years. A variety of mutants 

have been characterized that fail to grow into the air. These so called bald (bld) 

mutants have in common their inability to produce and secrete a small hydrophobic 

peptide called SapB (Willey et al., 1991; 1993). Formation of aerial hyphae could 

be restored in bld mutants by applying this peptide on the colony surface. This 

suggested that SapB functions as a surfactant allowing hyphae to breach the water-

air interface. Indeed, aerial hyphae formation was also restored by the surfactants 

streptofactin from Streptomyces tendae and the SC3 hydrophobin from 

Schizophyllum commune (Tillotson et al., 1998). SapB was not detected in cell 

walls of substrate hyphae, aerial hyphae as well as spores (Wösten and Willey, 

2000), suggesting that SapB only functions in the medium. 

The aerial hyphae induced by SapB, streptofactin, and SC3 turned out to be 

erected vegetative hyphae that were unable to sporulate. True aerial hyphae 

formation and subsequent sporulation was restored in most bld mutants by growing 

them adjacent to each other (Willey et al., 1993) or by growing them on minimal 

medium containing mannitol instead of glucose (Willey et al., 1991). Interestingly, 

in minimal media SapB is not produced. From these data it can be concluded that 

1) SapB is not sufficient to initiate full development; 2) that other molecules take 

over the function of SapB in mannitol containing media; and 3) that other 
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molecules than SapB change the surface characteristics of hyphae when these 

hyphae grow into the air.  

 

The role of rodlins in formation of the rodlet layer in S. coelicolor 

 

In contrast to substrate hyphae, aerial hyphae and spores of filamentous bacteria 

and filamentous fungi are hydrophobic. Hydrophobicity coincides with a surface 

layer consisting of a mosaic of 10-nm-wide rods. In filamentous fungi this so called 

rodlet layer results from self-assembly of hydrophobins (Wösten et al., 1993). The 

fungal rodlet layer is highly insoluble, resisting boiling in 2% SDS (Wessels et al., 

1991a; 1991b). However, these proteins could be selectively extracted from SDS-

treated cell walls with trifluoracetic acid (TFA) (de Vries et al., 1993). This 

extraction method was applied on cell walls of sporulating cultures of S. coelicolor 

and its close relative Streptomyces lividans (Chapter 3). In both cases, a mixture of 

two highly abundant homologous proteins was identified. These proteins were 

called rodlins RdlA and RdlB. The rdl genes were specifically expressed in growing 

aerial hyphae. Immuno-labelling showed that the rodlins are located at the outer 

surface of aerial hyphae and spores where they form a highly insoluble layer 

(Chapter 3). Deletion of either or both rdl genes (Chapter 3, 5) did not affect aerial 

hyphae and spore formation, but prevented formation of the rodlet layer. This 

showed that RdlA and RdlB are not redundant. Homologues of the rdl genes were 

identified in other streptomycetes that form rodlet decorated aerial structures but 

were absent in the genome of Streptomyces avermitilis that produces spores with a 

smooth surface (Chapter 5).  

Aerial structures of the S. avermitilis wild-type strain and the S. coelicolor 

∆rdlA, ∆rdlB, and the ∆rdlAB strains were still hydrophobic. This indicated that the 

rodlet layer and rodlins are neither required for formation of aerial hyphae nor for 

surface hydrophobicity. The function of the rodlet layer is still unknown. Absence of 

this surface layer did neither affect germination of spores nor resistance to drought. 

Possibly, rodlets increase resistance to proteases or provide a more efficient 

dispersal of spores in nature (by wind or insects).  

 

The role of chaplins in formation of aerial hyphae 

 

Surface hydrophobicity, rigidity and prevention of aggregation of aerial hyphae 

Surfaces of spores of the S. coelicolor ∆rdlAB strain no longer possessed the rodlet 

layer. Instead, fine fibrils with a diameter of 4-6 nm were observed resembling 
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those formed upon drying down aqueous solutions of TFA extracts of SDS-treated 

cell walls of the wild-type strain or the ∆rdlAB strain (Chapter 4). MALDI-TOF mass 

spectrometry identified five proteins in these extracts with molecular weights of 

about 5 kDa. The proteins were called chaplins D-H. Their masses corresponded to 

the deduced molecular weights of hydrophobic proteins encoded by five ORFs in the 

genome sequence of S. coelicolor (assuming cleavage of their predicted signal 

sequences). Three additional homologues were found in the genome sequence. The 

mature forms of these secreted proteins, ChpA-C, consist of two so-called chaplin 

domains (i.e. sequences similar to those of mature ChpD-H) followed by a 

hydrophilic region and a cell wall anchoring domain. The latter is a substrate for 

sortases that covalently attach molecules to the peptidoglycan layer (Mazmanian et 

al., 1999; Pallen et al., 2001). Anchoring to the cell wall would explain why ChpA-C 

were not identified in the TFA extracts of SDS-treated cell walls (Chapter 4). 

Possibly, the large chaplins co-assemble with ChpD-H, thereby attaching the 

chaplin fibrils to the cell wall (see below).  

 Deletion of the chp genes affected aerial growth progressively. The 

∆chpABCDH strain still formed aerial hyphae, albeit delayed. Thus, the large 

chaplins ChpA-C are not essential for this developmental process. Formation of 

aerial hyphae  was strongly reduced in the ∆chpABCDEH strain (Chapter 4), and 

almost completely absent in the ∆chpABCDEFGH strain (Chapter 5). The few aerial 

hyphae produced by the latter strain were hydrophilic and aggregated in bundles. 

These bundles were not stable but collapsed on top of the underlying substrate 

hyphae. Thus, the assembled chaplins provide surface hydrophobicity, keep aerial 

hyphae apart and provide rigidity (Chapter 5). In contrast to previously described 

bld mutants (Willey et al., 1991; 1993), aerial growth of the chp mutants was 

affected regardless of the medium used. This clearly shows the essential role of 

chaplins in morphogenesis. 

 Spores of the ∆chpABCDEFGH strain lacked both the rodlet layer and the 

chaplin fibrils (Chapter 6). This suggested a link between these structures, and thus 

between rodlins and chaplins. Rodlets consist of two rods that are composed of two 

fibrils similar in size to those formed by chaplins (Chapter 4). Based on these data 

it was proposed that rodlets consist of four chaplin fibrils that are aligned by rodlin 

molecules (Chapter 5). No biochemical data support this model yet. Rodlets could 

not be reconstituted in vitro by mixing rodlins and chaplins. This failure may be 

explained by the fact that rodlins isolated from cell walls of aerial hyphae of S. 

coelicolor or heterologously produced in Escherichia coli were unfolded. Possibly, 

rodlins only attain their active conformation with the help of foldases (Chapter 6).  
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Formation of aerial hyphae was restored in the ∆chpABCDEH strain by applying 

mixtures of ChpD-H on top of the colony surface (Chapter 4). The erected hyphae 

possessed the typical rodlet layer showing that these are true aerial hyphae 

(unpublished). Addition of chaplins also accelerated formation of aerial hyphae in 

the wild-type strain (Chapter 4). The presence of rodlets at surfaces of the induced 

aerial hyphae indicates that the chaplins indirectly activate the expression of rdl 

genes and possibly their own expression as well (Chapter 5). Possibly, S. coelicolor 

hyphae sense their presence in the air and, as a consequence, activate aerial 

hyphae specific genes (Fig. 1). This sensing mechanism (the Skyscraper pathway) 

may play a key role in development of streptomycetes (see below).  

 

The role of chaplins in the medium 

Stimulation of aerial hyphae formation by exogenously added chaplins suggested 

that chaplins not only provide rigidity and hydrophobicity to aerial hyphae but have 

a function in the aqueous environment as well. Indeed, ChpE and ChpH were 

already formed before aerial hyphae formation was initiated (Chapter 4; 

unpublished). ChpD-H were shown to be highly surface-active. These chaplins 

lowered the water surface tension from 72 to 26 mJ m-2 within minutes, which was 

accompanied by formation of a rigid membrane at the water-air interface (Chapter 

4). Thus, chaplins are likely involved in the escape of aerial hyphae from the liquid 

environment by lowering the water surface tension. However, in contrast to the 

surfactants SapB, streptofactin and SC3, chaplins did not induce aerial hyphae 

formation in bld mutants (Chapter 4). This came to a surprise because if lowering 

of the surface tension is sufficient to enable hyphae to grow into the air, chaplins 

should have been able to induce escape of vegetative bld hyphae. Possibly, the 

chaplin membrane is too rigid to allow hyphae to breach. A mixed membrane, for 

instance with SapB or with components that form the film at static liquid cultures 

(see below) may reduce this rigidity and would thus contribute to aerial growth  

(Fig. 1). At the moment aerial hyphae have formed, the Skyscraper pathway would 

take over the regulation of development and trigger production of rodlins and the 

chaplins ChpA-H (Fig. 1). The gene encoding the skyscraper sensor is expected to 

be under control of the bld genes, otherwise bld aerial hyphae induced by 

surfactants would have undergone full development. To study the effect of deleting 

chp genes on gene expression a genome wide analysis is currently being 

performed. 

Apart from reduction of the surface tension, chaplins enable dispersed 

growth of the mycelium (Chapter 6). In contrast to the wild-type, the 
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Fig. 1. Integrated model for the formation of aerial hyphae in the filamentous bacterium Streptomyces coelicolor. 

Extracellular signalling and environmental signals exert their influence on development via the bld cascade. Once 

environmental conditions are met, repression of bldN expression by BldD is relieved leading to the formation of 

RamR, and the chaplins ChpE and ChpH. The latter proteins are secreted into the medium, while RamR activates 

the synthesis of RamS, that is converted to SapB. This morphogenetic peptide is secreted (via the RamAB 

transporter) and functions as a signal to initiate aerial growth. SapB together with ChpE and ChpH are involved in 

lowering of the water surface tension enabling aerial growth. From that moment, the “Skyscraper pathway” takes 

over regulation of development. Escape sensors perceive their presence in the air. As a consequence,  the rodlin 

and chaplin genes, and possibly other developmental genes as well, are activated. Rodlins and chaplins are 
secreted and assemble into a hydrophobic rodlet coat at the outer surface of aerial hyphae. 

∆chpABCDEFGH strain formed large clumps of mycelium, the ∆chpABCDEH strain 

displaying an intermediate phenotype. Thus, like aerial hyphae (Chapter 5), 

substrate hyphae do not aggregate in the presence of chaplins (Chapter 6). The 

underlying mechanism is not known yet. 
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Other proteins involved in aerial growth 

 

Formation of Streptomyces aerial hyphae and spores had solely been studied on 

solid agar media. However, our studies show that these differentiation processes 

also occur in standing liquid cultures of S. coelicolor (Chapter 2). These cultures 

may resemble flooded soils, a condition streptomycetes have to cope with in 

nature. After a period of submerged growth colonies emerged at the water-air 

interface and formed hydrophobic aerial hyphae and spores. Interestingly, the 

colonies were fixed at the interface by a light-reflecting film that was present at the 

water-air interface. Immuno-detection showed that this film does not consist of 

SapB (Chapter 2), while genetic evidence indicates that chaplins are not the major 

constituent (Chapter 4). It was suggested that this film enabled hyphae to grow 

into the air (Chapter 2). ∆chp strains did produce the film but no aerial hyphae 

were formed. Possibly, in wild-type strains the light-reflecting film consists of 

chaplins and a component of unknown nature. This may be the film allowing 

hyphae to grow into the air (see above). 

Formation of aerial hyphae in standing liquid media requires migration of the 

non-motile bacterium to the air-liquid interface. Vertical migration of cyanobacteria 

and halophilic archaea in the water column is mediated by proteinaceous organelles 

called gas vesicles (Walsby, 1994). Interestingly, the genome of S. coelicolor 

contains two gene clusters encoding gas vesicle proteins (Chapter 2). Whether 

these gene clusters are instrumental in migration to the water-air interface is 

currently under investigation (G. van Keulen, unpublished data).   

 

Attachment of S. coelicolor to hydrophobic surfaces 

 

Attachment of microbes to host surfaces is crucial for initiation of infection. 

Moreover, attachment may be important for effective degradation of a substrate. 

Whether adherence to surfaces is essential for pathogenic streptomycetes (e.g. the 

plant pathogen Streptomyces scabies and the human pathogen Streptomyces 

somaliensis) or saprotrophic representatives of this group of bacteria is not yet 

known. However, it is clear that hyphae of S. coelicolor and S. lividans have the 

ability to attach to the hydrophobic surface of microtiter plates by two mechanisms. 

Strong attachment, as observed in mNMMP liquid standing cultures, coincided with 

the presence of an intercellular matrix consisting of 30- to 100-nm-thin fibrillar 

structures surrounding the hyphae (Chapter 6). These fibrils were also formed in 

the absence of RdlA and RdlB showing that the rodlin proteins do not contribute to 
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their formation. Yet, chaplins are involved. The fibrils were hardly seen in the 

∆chpABCDEFGH strain that attached only weakly. Instead, amorphous material was 

observed at surfaces of this strain. This suggests that the fibrils consist of chaplins 

and a component(s) of unknown nature. This additional component would also 

explain the difference in diameter of the fibrils and that of assembled chaplin. 

 The second mechanism of attachment was observed in gNMMP. This 

mechanism depends on both rodlins and chaplins (Chapter 2, 6). In the absence of 

either class of proteins attachment was strongly reduced. This could be explained 

by assuming that rodlets mediate attachment (Chapter 5). Experimental data 

suggest that chaplins can assemble into fibrils on the cell wall-solid interface 

(Chapter 6; see below). Concurrently, the rodlins would align these fibrils at the 

solid interface into rodlets. This rodlin-dependent chaplin-mediated attachment was 

weaker than the rodlin-independent attachment. However, this could be an artefact 

because the wild-type strain grew less dispersed in gNMMP compared to mNMMP.  

 
 
Functional amyloid fibrils 

 

Assembly of chaplins into amyloid-like fibrils 

 

Circular dichroism indicated that random coiled monomers of chaplins adopt a β-

sheet-rich conformation upon assembly into the typical 4- to 6-nm-wide fibrils 

(Chapter 4). This conformational change was not only observed when the proteins 

were dried down but also when a dynamic water-air interface was introduced by 

vortexing or when a small amount of assembled chaplin was added to a solution of 

monomers. The latter shows that chaplins assemble in solution once an aggregation 

nucleus has been formed (Chapter 6). Conversion to the β-sheet-rich structure 

coincided with an increase in fluorescence of the amyloid specific dye Thioflavin T 

(ThT). From this it was concluded that chaplins assemble into amyloid-like fibrils.  

 Affinity of chaplins for hydrophobic solids was shown when the proteins were 

incubated with colloidal Teflon. Chaplins bound to the surface in an α-helical 

conformation (Chapter 6). Heating the mixture in diluted detergent induced 

formation of β-sheet and increased fluorescence of ThT. The α-helical conformation 

could be an intermediate in the assembly process as was observed for 

hydrophobins (see below) and other amyloid proteins (Giacomelli and Norde, 

2003). Possibly, streptomycetes growing at a hydrophobic solid secrete molecules 



Summary and general discussion 

113 

that assist in the conversion of the intermediate form into the β-sheet-rich amyloid 

fibrils. These fibrils would be aligned into rodlets by the rodlins. 

 

Other surface located functional amyloids 

 

It is generally accepted that any protein has a propensity to form amyloid fibrils. 

These fibrils result from (partial) unfolded proteins. Their formation generally 

proceeds via an intermediate (Giacomelli and Norde, 2003; de Vocht et al., 2002). 

The tendency to form amyloid fibrils can be increased by environmental conditions 

like low pH (Guijarro et al., 1998), post-translational modifications (Bouma et al., 

2003), or mutations (Booth et al., 1997). It was shown that several amyloid-

forming proteins harbor an α-helix in the polypeptide chain where a β-strand was 

predicted (Kallberg et al., 2001). These so-called α-helix/β-strand discordant 

stretches were proposed to be associated with amyloid fibril formation. Whether 

functional amyloids like chaplins have discordant helices remains to be established. 

For many years amyloid formation was thought to be associated with loss of 

function and disease (e.g Alzheimer’s and Huntington’s disease). However, 

amyloids can also be beneficial. For instance, functional amyloids have been shown 

within the eggshell of insects and fish, and at surfaces of bacteria and fungi. In case 

of insects and fish, amyloid fibrils are abundantly present in the chorion, the major 

component of the eggshell. These amyloid fibrils protect the egg and the developing 

embryo from mechanical pressure, proteases, bacteria and viruses (Iconomidou et 

al. 2000). It can not be excluded that chaplins have similar functions.  

Curli of the Gram-negative bacteria Escherichia and Salmonella spp. were 

the first example of prokaryotic functional amyloids. These 6- to 12-nm-wide fibrils 

are found at the cell surface and are involved in formation of biofilms, colonization 

of surfaces and binding to the host (Chapman et al., 2002). Assembly of CsgA, the 

major constituent of the fibrils, depends in vivo on a nucleation machinery. 

Possibly, initial assembly of chaplins in vivo also depends on nucleator proteins, 

especially when a hydrophobic-hydrophilic interface is absent. 

The chaplins of S. coelicolor can be considered the functional equivalents of 

the class I hydrophobins in fungi. Hydrophobins enable fungal aerial growth, confer 

hydrophobicity to surfaces in contact with air and mediate attachment of hyphae to 

hydrophobic solids in a way similar to that of chaplins (see Wösten and de Vocht, 

2000; Wösten, 2001). Both hydrophobins and chaplins assemble into amyloid fibrils 

at hyphal surfaces. These fibrils seem to be formed from water soluble forms via an 

intermediate α-helical state. Assemblages of chaplins and class I hydrophobins are 
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both highly surface active, insoluble in SDS and soluble in TFA. There are, however, 

also differences between the fungal and bacterial ‘hydrophobins’. Hydrophobins 

exclusively assemble at hydrophilic-hydrophobic interfaces. Thus, in contrast to 

chaplins, assembly cannot be initiated by seeding fibrils that serve as aggregation 

nuclei. This property is caused by the four disulfide bridges in the hydrophobin; 

when these bridges were reduced the protein spontaneously assembled in water 

(de Vocht et al., 2000). This difference in self-assembly may have consequences for 

the organization of the cell wall. Whereas hydrophobins only assemble at the 

surface of the cell, assembly of chaplins may occur throughout the wall. 

Interestingly, in contrast to S. coelicolor and S. lividans, Streptomyces griseus 

forms spores in liquid cultures. These spores are covered by a rodlet layer, implying 

assembly of chaplins and a role for rodlins. Indeed, SGrdlA, encoding the RdlA 

homologue from S. griseus, was expressed in liquid shaken cultures (Chapter 5). 

How assembly is initiated in submerged cultures (i.e. in the absence of a 

hydrophilic-hydrophobic interface) remains to be established. Possibly, nucleation 

proteins are involved like in the case of curli of Escherichia and Salmonella 

(Chapman et al., 2002). Another difference between chaplins and hydrophobins is 

that the latter proteins have not yet been reported to be cross-linked to the cell 

wall. However, hydrophobins do exist that have N-terminal extensions with 

homology to structural cell wall proteins (de Vries et al., 1999). Also these 

extensions may aid in integration in the cell wall. 

Why does S. coelicolor have so many copies of the chaplin genes? 

Apparently they did not evolve to fulfil specific functions since they were shown to 

be partially redundant (Chapter 4; Chapter 6). Possibly, transcription from a single 

chp gene is not sufficient to supply the amount of chaplin needed to render the 

aerial mycelium hydrophobic. This would especially be the case if this protein is 

located throughout the cell wall. This hypothesis is supported by the observation 

that successive deletion of the chp genes affected aerial growth progressively. 
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De regenjas van Streptomyces 

 

Micro-organismen zijn de kleinste zelfstandige levensvormen op aarde. Ze zijn 

meestal zo klein dat je ze met het blote oog niet kunt zien maar wel met een 

microscoop1. Schimmels zijn micro-organismen die vaak wel goed te zien zijn, 

bijvoorbeeld gedurende de herfst in bossen (paddestoelen) of op voedsel dat te 

lang bewaard is. Naast schimmels worden ook gisten en bacteriën tot de micro-

organismen gerekend. Veel mensen associëren micro-organismen vooral met 

ziektes die ze kunnen veroorzaken, zoals “de veteranenziekte” (veroorzaakt door de 

Legionella bacterie), of de ziekte van Lyme (veroorzaakt door de bacterie Borrelia 

burgdorferi na een tekenbeet). Echter, in ons dagelijks leven zijn we voor een groot 

deel afhankelijk van ze. Zo heeft ieder mens meer dan 400 verschillende soorten 

bacteriën (met een totaal gewicht van meer dan 1 kg) in zijn darmen die helpen bij 

de vertering van het voedsel dat we eten. Zonder deze darmbewoners zou 

menselijk leven niet mogelijk zijn. Verder maken we gebruik van micro-organismen 

bij de bereiding van eten. Wijn, bier en andere alcoholische dranken worden 

gemaakt met behulp van gisten die suikers omzetten tot alcohol. Ook bij de 

produktie van yoghurt, kaas en sojasaus worden micro-organismen ingezet. Ze 

kunnen dus onze vriend, maar ook onze vijand zijn. 

 Streptomyceten zijn ook micro-organismen. Deze bacteriën leven 

voornamelijk in de bodem en zijn daar medeverantwoordelijk voor de afbraak van 

dode plantenresten. Hoewel velen nog nooit van deze organismen gehoord zullen 

hebben kent iedereen de karakteristieke geur die ze verspreiden. Deze bacteriën 

maken namelijk het vluchtige stofje “geosmin” wat verantwoordelijk is voor de 

muffige lucht in een bos maar ook in een vochtige kelder. Daarnaast zijn deze 

micro-organismen bekend omdat meer dan de helft van alle antibiotica die in de 

geneeskunde gebruikt worden afkomstig is van deze bodembewoners.  

In tegenstelling tot de meeste andere bacteriën zijn streptomyceten niet 

eencellig. Ze groeien namelijk door middel van draden, ook wel hyfen genoemd, die 

gezamenlijk een netwerk vormen dat we een mycelium noemen. Aanvankelijk 

groeit het mycelium in de bodem van het bos. Wanneer de omstandigheden voor 

de bacterie verslechteren, doordat bijvoorbeeld voedselbronnen uitgeput raken, 

groeit een groot aantal hyfen vanuit de bodem de lucht in (Fig. 1A). Na verloop van 

                                                 
1 Dit woord is ontstaan uit de Griekse woorden mikros (klein) en skopein (kijken) 
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Fig. 1. S. coelicolor is een bacterie die groeit door middel van hyfen die na verloop van tijd de lucht ingroeien (A; 

pijlen). Deze luchtdraden ontwikkelen zich verder tot ketens van sporen (B). Zowel luchthyfen als sporen zijn zeer 

waterafstotend zoals te zien is aan de vorm van een opgebrachte druppel water (C). 

tijd ontwikkelen zich aan de uiteinden van deze luchtdraden sporen die de bacterie 

in staat stellen om te overleven in een ongunstige omgeving (Fig. 1B). Deze sporen 

worden verspreid door insekten en wind en geven de bacterie de mogelijkheid om 

verder te groeien op een nieuwe plek waar de omstandigheden beter zijn.  

De omstandigheden in de bodem zijn heel anders dan die in de lucht. Zoals 

ook mensen zich aanpassen aan wisselende omstandigheden, zo past ook deze 

bodembacterie zich aan door een speciale mantel te maken die de luchtdraden 

omsluit en er voor zorgt dat deze draden zeer waterafstotend (hydrofoob) zijn (Fig. 

1C). Dit heeft als voordeel dat tijdens een flinke regenbui veel sporen in de lucht 

terechtkomen. Zonder zo’n waterafstotende regenjas zou een luchtdraad 

verdrinken, waardoor voor deze bacterie een levensbedreigende situatie zou 

ontstaan. Verspreiding van sporen via insekten en wind zou immers onmogelijk 

zijn! 

Hoewel de aanwezigheid van de hydrofobe mantel op luchtdraden van 

streptomyceten al tientallen jaren geleden is waargenomen, was het materiaal 

waarvan deze jas gemaakt is nog niet bekend. Tijdens dit promotieonderzoek heb 

ik opgehelderd hoe de vorming van deze laag tot stand komt en waaruit deze is 

opgebouwd. Daarover zal de rest van deze samenvatting gaan. 

 

Een close-up van de regenjas 

 

Wanneer met een krachtige microscoop (elektronenmicroscoop) het oppervlak van 

luchtdraden en sporen sterk uitvergroot wordt blijkt de buitenste laag, die 

verantwoordelijk is voor het waterafstotende karakter van deze luchtstructuren, te 
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Fig. 2. Luchtdraden en sporen van S. coelicolor zijn bedekt met een mozaïek van parallelle staafjes 

genaamd rodlets (A). Elk staafje lijkt te zijn opgebouwd uit twee smallere fibrillen (B) met een diameter 

van 4-6 nanometer. 

zijn opgebouwd uit staafjes met een diameter van 8-12 nanometer (nm)2 (Fig. 2A). 

Dit kun je vergelijken met de vezels waaruit een jas is opgebouwd. Vaak liggen 

twee van die staafjes parallel aan elkaar. Zo’n paar wordt ook wel een rodlet3 

genoemd. Elk staafje op zich lijkt weer te zijn opgebouwd uit 2 smallere fibrillen, 

met een diameter van 4-6 nm (Fig. 2B).  

Om te achterhalen uit welke bouwstenen de rodlets zijn opgebouwd werden 

sporen en luchtdraden van Streptomyces coelicolor, wereldwijd de meest 

bestudeerde streptomyceet, behandeld met verschillende oplosmiddelen. De 

rodletlaag bleek echter een zeer onoplosbaar complex te zijn, ongevoelig voor de 

meest gangbare oplosmiddelen (waaronder een kokende zeep-achtige verbinding!). 

Alleen in puur trifluorazijnzuur (TFA) losten de rodlets op. Door deze behandeling 

vielen de staafjes uiteen in de losse bouwstenen, ook wel monomeren genoemd. De 

bouwstenen bleken uit twee verschillende soorten eiwitten (proteïnen) te bestaan, 

namelijk rodlins (afgeleid van rodlets), en chaplins (afgeleid van coelicolor 

hydrophobic aerial proteins, zie hieronder). 

S. coelicolor maakt twee verschillende rodlin eiwitten, RdlA (voor rodlin A) 

en RdlB (voor rodlin B). In het erfelijk materiaal (DNA) van deze bacterie werden 

de twee bijbehorende genen4 gevonden die elk vertaald worden in één van beide 

eiwitten. Ook in het erfelijk materiaal van andere streptomyceten die rodlets 

maken, zijn twee van dergelijke genen aanwezig. Deze rdl genen coderen in alle 

                                                 
2 Een nanometer (nm) is een miljardste meter en ongeveer 80.000 keer zo klein als de dikte 

van een menselijke haar! 
3 De term ‘rodlet’ is afgeleid van het Engelse woord ‘rod’ wat stok of stang betekent.  
4 Een gen is een stukje van het erfelijk materiaal van een organisme dat vertaald kan 

worden in een eiwit. Het is te vergelijken met een enkel recept uit een heel dik kookboek.  
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Fig. 3. Sporen van een stam die geen rodlins meer maakt zijn bedekt met 

fibrillen (A) die sterk lijken op de fibrillen die ontstaan na indroging van 

een mengsel van ChpD-H op een oppervlak (B). 

gevallen voor rodlin eiwitten die sterk lijken op die van S. coelicolor. Om na te gaan 

of beide kopieën ook daadwerkelijk nuttig zijn, werd het rdlA-gen van S. coelicolor 

kapot gemaakt zodat deze rodlin A niet meer kan maken. Deze stam, die een rodlin 

A mutant wordt genoemd, kon de rodletlaag niet meer maken. Het stukmaken van 

het rdlB-gen had een vergelijkbaar effect. Dit geeft aan dat beide eiwitten van 

belang zijn voor de totstandkoming van de rodletlaag en laat zien waarom ook 

andere streptomyceten twee rodlin genen bezitten.  

 

Chaplins: de vezels van de stof van de regenjas 

 

Hoewel de vorming van rodlets in rodlin mutanten verstoord is, zijn luchtdraden en 

sporen nog volop aanwezig. Deze zijn bovendien nog net zo waterafstotend als voor 

het stukmaken van de rodlin genen. Blijkbaar zijn rodlets niet noodzakelijk voor de 

vorming en hydrofobiciteit van de luchtstructuren. Met een elektronenmicroscoop 

waren de fibrillen waaruit een rodlet is opgebouwd nog steeds zichtbaar op het 

oppervlak van sporen van mutanten die geen rodlins meer kunnen maken. Maar 

van een duidelijke 

ordening is geen sprake 

meer (Fig. 3A). Blijkbaar 

was de regenjas nu 

opgebouwd uit dunne 

vezels die minder 

geordend verweven 

waren. Deze fibrillen, die 

volledig opgebouwd zijn 

uit chaplins, bleken net 

als de rodlets alleen op te lossen in TFA. Chaplins zijn een verzameling van in totaal 

8 eiwitten, afgekort als ChpA, ChpB, tot en met ChpH, die allemaal erg op elkaar 

lijken. In de opgeloste fibrillen werden alle chaplins aangetroffen behalve ChpA, 

ChpB en ChpC. Deze 3 chaplins zijn opgebouwd uit ongeveer 225 aminozuren en 

daarmee veel groter dan de overige (kleine) chaplins, ChpD-H, die uit ongeveer 55 

aminozuren bestaan. De grote chaplins hebben allemaal een speciaal domein5 

waardoor deze eiwitten vast gekoppeld zijn met de celwand en daardoor zelfs de 

behandeling met TFA weerstaan.  

                                                 
5 Een domein is een deel van een eiwit met een bepaalde functie. 
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ChpA-C lijken niet noodzakelijk te zijn om fibrillen te kunnen vormen. Op het 

oppervlak van luchtdraden en sporen van een mutant waarin de genen voor ChpA-C 

kapot zijn, waren nog steeds fibrillen (en rodlets!) te zien. Bovendien bleek het 

mengsel van kleine chaplins (ChpD-H), dat oplosbaar is in water na de behandeling 

met TFA, nog steeds fibrillen te kunnen vormen (Fig. 3B). Om na te gaan wat er 

gebeurde als de kleine chaplins afwezig zijn, werden stapsgewijs alle genen die 

coderen voor chaplins kapot gemaakt. De aldus verkregen mutant, ook wel 

∆chpABCDEFGH genoemd, bleek ernstig ziek. De karakteristieke luchtdraden en 

sporen die normaal al na 2-3 dagen groei zichtbaar zijn, bleken grotendeels afwezig 

in de mutant. Pas na enkele weken werden er enkele gevormd die bovendien niet 

langer waterafstotend waren. De draden werden volledig nat als er een druppel 

water op werd gelegd en vielen om. Deze resultaten laten zien dat de dunne vezels 

van chaplins essentieel zijn voor de vorming van de regenjas. Waarom in de natuur 

streptomyceten gebruik maken van een dikkere vezel gevormd door chaplins en 

rodlins is nog niet bekend. Misschien dat deze jas langer meegaat.  

 

Chaplins vormen nuttige amyloïde fibrillen! 

 

De fibrillen die door de chaplins gevormd worden hebben dezelfde structuur (vorm) 

als de fibrillen die gevonden worden bij patiënten die leiden aan Alzheimer, 

Parkinson of Creutzfeldt-Jacob, de menselijke variant van “de gekke-koeienziekte”. 

Deze fibrillen hopen zich op in de hersenen en bestaan uit eiwitten die op een 

verkeerde manier gevouwen zijn. Zo’n ophoping ontstaat als volgt: ieder eiwit heeft 

een bepaalde 3-dimensionale vorm die ontstaat doordat de keten van aminozuren 

zich opvouwt. Heel soms gaat dit opvouwen niet goed of ontvouwt het eiwit 

gedeeltelijk waarna het verkeerd terugvouwt. Normaal gesproken wordt zo’n 

verkeerd gevouwen eiwit netjes opgeruimd in het menselijk lichaam. Wanneer dit 

echter niet gebeurt, kan het fout gevouwen eiwit andere, goed gevouwen eiwitten 

ertoe zetten om ook over te gaan in de verkeerd gevouwen toestand. Er ontstaat 

dan een ophoping die gepaard gaat met ernstige ziekteverschijnselen. In dergelijke 

ophopingen zijn de eiwitten meestal georganiseerd in fibrillen, die we amyloïde 

fibrillen noemen.  

Chaplin fibrillen blijken ook van de amyloïde vorm te zijn, echter met dit 

verschil dat deze fibrillen een essentiële functie hebben. In tegenstelling tot de 

ziekmakende fibrillen die ontstaan bij mensen, kan bij chaplin fibrillen daarom ook 

niet gesproken worden van foutief gevouwen eiwitten. Voor haar overleving maakt 

de bacterie grote hoeveelheden chaplins die zich gezamenlijk ordenen 
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Fig. 4. Sterk hechtende hyfen van 

S. coelicolor worden omgeven door 

filamenten (pijlen) met een diameter van 
30-100 nanometer. 

(assembleren) tot amyloïde fibrillen om luchtdraden en sporen te voorzien van een 

waterafstotende laag. 

 

Chaplins, multi-functionele eiwitten 

 

Chaplins zijn niet alleen betrokken bij het waterafstotend maken van luchtdraden. 

Ze zijn ook betrokken bij het ontsnappen van draden uit het substraat, zoals de 

bodem van het bos, in de lucht. Een hyfe die de lucht in wil groeien, wordt namelijk 

op het grensvlak met de lucht geconfronteerd met een hoge oppervlaktespanning 

die ervoor zorgt dat het oppervlak zich als een sterk vlies gedraagt. Zo is deze 

oppervlaktespanning verantwoordelijk voor het feit dat schaatsenrijders (insekten) 

op het water kunnen lopen en er niet doorheen zakken. Streptomyceten kunnen 

ook niet door deze barrière heen. De oplossing is dat streptomyceten chaplin 

eiwitten uitscheiden. Deze chaplins vormen een laag, bestaande uit de amyloïde 

fibrillen, die op het grensvlak met de lucht net als een zeep de oppervlaktespanning 

verlaagt waarna de hyfen de lucht in kunnen groeien.  

Chaplins bleken ook betrokken te zijn bij de aanhechting van hyfen aan 

vaste oppervlakken. Hechting aan het oppervlak van de gastheer is dikwijls de 

eerste stap in het ontstaan van (bacteriële) infecties. Dit zou ook het geval kunnen 

zijn bij ziekte-verwekkende streptomyceten, zoals in het geval van de aardappel 

pathogeen Streptomyces scabies of de humane 

pathogeen Streptomyces somaliensis. Daarmee 

zouden chaplins ook betrokken kunnen zijn in 

het infectieproces. Onder bepaalde 

omstandigheden bleek S. coelicolor zeer sterk 

te hechten, wat gepaard ging met de vorming 

van een netwerk van fijne filamenten (30-

100 nm) waar de hyfen zich tussen bevinden 

(Fig. 4). Dit netwerk was afwezig in de mutant 

die geen chaplins meer maakt en die daarom 

eenvoudig was te verwijderen van het 

oppervlak. De filamenten in het netwerk zijn duidelijk groter dan de fibrillen van de 

chaplins. Dit, en het feit dat tussen de hyfen van de ∆chpABCDEFGH mutant 

materiaal zonder duidelijke structuur aanwezig was, duidt erop dat de 

hechtingsfilamenten zijn opgebouwd uit meerdere componenten, waaronder chaplin 

eiwitten. 
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Samenvattend blijken de rodlin en chaplin eiwitten zeer nuttige en diverse functies 

te hebben voor streptomyceten, zowel tijdens groei in een waterige omgeving, als 

gedurende de vorming van luchtdraden en sporen. De amyloïde eigenschappen van 

chaplins maakt deze eiwitten bovendien geschikt om te dienen als modelsysteem 

voor de bestudering van de oorzaken van ernstige ziektes als Alzheimer en 

Parkinson. Ook aanhechting van draden, waarbij chaplins een belangrijke rol 

vervullen, biedt mogelijkheden om op een vernieuwende wijze te kijken naar de 

initiële processen die ten grondslag liggen aan infecties veroorzaakt door pathogene 

Streptomyces soorten.  
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NAWOORD 

 

Aangekomen op deze laatste pagina’s van dit boekje heeft u hopelijk kunnen lezen 

en zien waar ik me de afgelopen jaren mee heb bezig gehouden. Het is ongelovelijk 

hoe snel die jaren zijn omgevlogen. Ik herinner me nog goed dat ik als student 

gevraagd werd om als promovendus bezig te gaan met dit onderzoek. Het was als 

een droom die werkelijkheid werd. En nu is het dan af, het boekje ligt voor u. Op 

naar de volgende droom, die hopelijk net als deze zal zijn! 

Ik wil deze laatste pagina’s gebruiken om een aantal mensen te bedanken. 

Ik heb heel erg veel te danken aan mijn begeleider en promotor Han Wösten. Han, 

wat vond ik (en met mij velen) het jammer toen ik hoorde dat je Groningen ging 

verlaten. Maar jij verzekerde mij dat het wel goed ging komen. En dat kwam het! 

Veelvuldig belde je me op om te vragen hoe het ging met de experimenten, de 

manuscripten, maar ook met mij persoonlijk! En dat heb ik “waanzinnig” 

gewaardeerd. Heel veel dank daarvoor. Ik denk en hoop dat we in de toekomst nog 

wel weer eens zullen samenwerken.  

Ook mijn andere promotor, Lubbert Dijkhuizen, wil ik bedanken. Lubbert, ik 

heb het erg getroffen met jou. Jij hebt mij altijd heel erg vrij gelaten in de dingen 

die ik deed. Wel was je er altijd op de momenten dat het nodig was, zoals 

bijvoorbeeld tijdens de “onderhandelingen” met de collega’s van het John Innes 

Centre. Bedankt voor al je steun en vertrouwen! 

 Ik denk dat plezier in het werk grotendeels komt door de goede sfeer op de 

werkvloer. Aangezien er naast Geertje altijd veel studenten rondliepen in het 

Streptomyces lab (A202), zijn zij daar deels verantwoordelijk voor. Ik heb het geluk 

gehad dat ik een groot aantal studenten heb mogen begeleiden in mijn 

promotietijd: Heine, Arman, Jan, Eidarus, Nynke, Remko, Dennis, Peter, Jeroen, 

Hidde, Wouter en Willemien. Bedankt voor jullie ongelovelijke inzet en 

enthousiasme. Ik vond het geweldig om met jullie samen te werken. De mensen die 

inmiddels zelf begonnen zijn aan het promotietraject wens ik veel succes toe. 

Geniet ervan! En Jeroen: bedankt dat ik jouw plaatje op de voorkant van dit 

proefschrift heb mogen gebruiken! 

Ook de “baas” van A202, Geertje, wil ik bedanken voor de leuke 

samenwerking en de gezelligheid tijdens de (vele) reisjes die we samen hebben 

gemaakt naar onder andere Vancouver en Quebec. Veel succes nog op het John 

Innes Centre. Ik kom zeker een keertje langs in Norwich! 
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Ook de overige (voormalige) mensen van Microbiële Fysiologie, Robert, Harm, 

Slavko, Sacha, Manny, Łukasz, Kamila, Maarten, Alexandra, Marc, Hans, Gerda, 

Irma, Michael, Meike, Rick, Pieter, Gert-Jan, Theo, Wieger, Coenie, Ronan, Rachel, 

Jurjen en ja, ook al die mensen die ik nu nog niet genoemd heb, bedankt. 

 Dewi, ik vind het fijn dat je mijn paranimf wilt zijn. We kennen elkaar al heel 

lang, en ik denk dat de vriendschap wel altijd zal blijven bestaan. Met veel plezier 

ben ik met jou door het VWO en de studie biologie gefietst. En ook daarbuiten 

trokken we veel op. Ik wens je veel sterkte toe met de afronding van de studie 

geneeskunde. Ik zal er zijn bij je arts-examen. 

 Tenslotte wil ik de mensen bedanken die een hele speciale band hebben in 

mijn leven. Allereerst mijn ouders, zus, zwagers, schoonouders, en overige 

familieleden voor al jullie steun en geduld tijdens de vele verhalen over onderzoek. 

Vanaf nu zal ik proberen het iets minder vaak over wetenschap te hebben. Ik kan 

echter niks beloven…  

 Tenslotte Nynke. Ik wil jou bedanken voor veel dingen. Vooral de rust en 

afleiding die je mij gegeven hebt in de afgelopen jaren. Wat ben ik toch blij dat je 

mijn vrouw bent. We gaan nu samen een nieuw avontuur aan. Op weg naar Oxford. 

Het is als een droom die uitkomt… Ik hou van je! 
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