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The ram-Dependence of Streptomyces lividans
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Abstract

The onset of morphological differentiation in
Streptomyces lividans is intrinsically delayed in
comparison to Streptomyces coelicolor, but can be
advanced by adding extra copper to the medium.
Copper-specific chelators block aerial hyphae
formation in both strains illustrating the crucial role
of copper in morphogenesis. The S. coelicolor ram
cluster was isolated as a clone that complements the
copper-dependent differentiation of S. lividans. The S.
lividans ram cluster was cloned and shown to be 99.6%
identical to the S. coelicolor clone. The difference in
development between S. lividans and S. coelicolor
could neither be related to functional differences
between the two ram clusters nor to differences in the
transcription level. In both strains the low level of
ramAB transcription correlated with aerial mycelium
formation and was coupled to the upstream ORF ramS.
An increased ramAB expression level in S. lividans by
the introduction of an extra copy of ram stimulated
the development. In S. lividans disruption of ramABR
resulted in the inability to produce aerial hyphae.
Conversely, the identical mutant of S. coelicolor
retained its developmental capacities, indicating the
presence of a ram-independent developmental route
that is not present or not activated in S. lividans. Aerial
hyphae and spore formation in the S. lividans ramABR
mutant was restored when grown near wild-type
strains, suggesting that the ram gene products are
involved in transport of a factor essential for normal
development. In addition, an elevated copper
concentration in the medium also relieved the
developmental block of these mutants. These findings
suggest that higher copper concentrations render this
ram-associated factor obsolete.

Introduction

Streptomycetes undergo a complex process of
morphological differentiation that normally results in
sporulation. The complete lifecycle has three characteristic
stages: 1) the formation of a branched vegetative mycelium,

2) the formation of aerial hyphae followed by 3) the
production of spores. On solid medium the morphological
differentiation of Streptomycetes can easily be followed
since upon aerial hyphae formation colonies get a white
and fuzzy appearance. Once spores are being formed the
colonies turn grey, due to the biosynthesis of the WhiE
spore pigment. The complex process of aerial hyphae and
spore formation is the result of the interplay between the
metabolic status of the cells, stress responses and
extracellular signalling (Chater, 1998). Insight in this
process has been gained by studying two classes of
mutants that are disturbed in one or more facets of this life
cycle, the so-called bld mutants, which fail to erect aerial
hyphae (Merrick, 1976; Champness, 1988; Willey et al.
1993; Nodwell et al., 1996; Nodwell et al., 1999) and the
whi mutants that fail to form spores or the grey spore
pigment (Chater, 1972; Hopwood et al. 1970; Ryding et
al., 1999).

Other factors involved in morphogenesis have been
identified by their ability to stimulate the differentiation of
wild-type strains or to restore the development of mutant
strains when present in multiple copies. This approach led,
among others, to the identification of the amf gene cluster
and amfC in S. griseus (Ueda et al., 1993; Kudo et al.,
1995). Ma and Kendall (1994) showed that the S. coelicolor
ram cluster stimulated aerial hyphae development when
introduced into S. lividans and that the disruption of ramB
in S. lividans severely affects the development. In S.
lividans, Kieser and Hopwood (1991) have reported a
stimulation of spore production as the result of increasing
the concentration of copper. Similar effects of copper have
been reported for Streptomyces tendae, and Streptomyces
tanasiensis (Dionigi et al., 1996, Ueda et al., 1997).

Copper is an important element in biology among
others as the co-factor in a variety of enzymes that play
crucial roles in metabolism. Copper also catalyses the
formation of reactive oxygen species via the so-called
Fenton chemistry (Chevion, 1988) which can cause severe
damage in the cell. Thus, intracellular copper levels need
to be tightly controlled. Copper tolerance systems that take
care of the efflux of excess copper have been described
for numerous bacteria (Silver, 1996). Contrary, systems
involved in active uptake of copper and the mechanisms
to regulate this process are not well understood. One of
the few exceptions is the mechanism involved in
maintaining copper homeostasis in the Gram-positive
bacterium Enterococcus hirae. Here intracellular copper
levels are maintained by two P-type ATPases, CopA and
CopB which are involved in copper efflux or influx when
the extracellular copper concentration is either too high or
too low for optimal growth (Odermatt et al., 1993). A
mechanism involving the copper chaperone CopZ and the
copper-inducible repressor, CopY, is responsible for the
copper-dependent regulation of the cop operon (Wunderli-
Ye et al., 1999).

In this paper we present the results of complementation
experiments which led to the identification of the S.



• MALDI-TOF Mass Spectrometry in Microbiology 
  

   Edited by: M Kostrzewa, S Schubert (2016) 
   www.caister.com/malditof 

• Aspergillus and Penicillium in the Post-genomic Era 
  

   Edited by: RP Vries, IB Gelber, MR Andersen (2016) 
   www.caister.com/aspergillus2 

• The Bacteriocins: Current Knowledge and Future Prospects 
  

   Edited by: RL Dorit, SM Roy, MA Riley (2016) 
   www.caister.com/bacteriocins 

• Omics in Plant Disease Resistance 
  

   Edited by: V Bhadauria (2016) 
   www.caister.com/opdr 

• Acidophiles: Life in Extremely Acidic Environments 
  

   Edited by: R Quatrini, DB Johnson (2016) 
   www.caister.com/acidophiles 

• Climate Change and Microbial Ecology: Current Research 
and Future Trends 

  

   Edited by: J Marxsen (2016) 
   www.caister.com/climate 

• Biofilms in Bioremediation: Current Research and Emerging 
Technologies 

  

   Edited by: G Lear (2016) 
   www.caister.com/biorem 

• Microalgae: Current Research and Applications 
  

   Edited by: MN Tsaloglou (2016) 
   www.caister.com/microalgae 

• Gas Plasma Sterilization in Microbiology: Theory, 
Applications, Pitfalls and New Perspectives 

  

   Edited by: H Shintani, A Sakudo (2016) 
   www.caister.com/gasplasma 

• Virus Evolution: Current Research and Future Directions 
  

   Edited by: SC Weaver, M Denison, M Roossinck, et al. (2016) 
   www.caister.com/virusevol 

• Arboviruses: Molecular Biology, Evolution and Control 
  

   Edited by: N Vasilakis, DJ Gubler (2016) 
   www.caister.com/arbo 

• Shigella: Molecular and Cellular Biology 
  

   Edited by: WD Picking, WL Picking (2016) 
   www.caister.com/shigella 

• Aquatic Biofilms: Ecology, Water Quality and Wastewater 
Treatment 

  

   Edited by: AM Romaní, H Guasch, MD Balaguer (2016) 
   www.caister.com/aquaticbiofilms 

• Alphaviruses: Current Biology 
  

   Edited by: S Mahalingam, L Herrero, B Herring (2016) 
   www.caister.com/alpha 

• Thermophilic Microorganisms 
  

   Edited by: F Li (2015) 
   www.caister.com/thermophile 

• Flow Cytometry in Microbiology: Technology and Applications 
  

   Edited by: MG Wilkinson (2015) 
   www.caister.com/flow 

• Probiotics and Prebiotics: Current Research and Future Trends 
  

   Edited by: K Venema, AP Carmo (2015) 
   www.caister.com/probiotics 

• Epigenetics: Current Research and Emerging Trends 
  

   Edited by: BP Chadwick (2015) 
   www.caister.com/epigenetics2015 

• Corynebacterium glutamicum: From Systems Biology to 
Biotechnological Applications 

  

   Edited by: A Burkovski (2015) 
   www.caister.com/cory2 

• Advanced Vaccine Research Methods for the Decade of 
Vaccines 

  

   Edited by: F Bagnoli, R Rappuoli (2015) 
   www.caister.com/vaccines 

• Antifungals: From Genomics to Resistance and the Development of Novel 
Agents 

  

   Edited by: AT Coste, P Vandeputte (2015) 
   www.caister.com/antifungals 

• Bacteria-Plant Interactions: Advanced Research and Future Trends 
  

   Edited by: J Murillo, BA Vinatzer, RW Jackson, et al. (2015) 
   www.caister.com/bacteria-plant 

• Aeromonas 
  

   Edited by: J Graf (2015) 
   www.caister.com/aeromonas 

• Antibiotics: Current Innovations and Future Trends 
  

   Edited by: S Sánchez, AL Demain (2015) 
   www.caister.com/antibiotics 

• Leishmania: Current Biology and Control 
  

   Edited by: S Adak, R Datta (2015) 
   www.caister.com/leish2 

• Acanthamoeba: Biology and Pathogenesis (2nd edition) 
  

   Author: NA Khan (2015) 
   www.caister.com/acanthamoeba2 

• Microarrays: Current Technology, Innovations and Applications 
  

   Edited by: Z He (2014) 
   www.caister.com/microarrays2 

• Metagenomics of the Microbial Nitrogen Cycle: Theory, Methods 
and Applications 

  

   Edited by: D Marco (2014) 
   www.caister.com/n2 

Caister Academic Press is a leading academic publisher of 
advanced texts in microbiology, molecular biology and medical 
research.       Full details of all our publications at  caister.com

Further Reading

Order from caister.com/order

       



566   Keijser et al.

coelicolor ram cluster as a clone complementing the
copper-dependent phenotype of S. lividans. We
demonstrate that fundamental differences exist in the
importance of this cluster of genes during the development
between S. lividans and S. coelicolor, and that the need
for the ram gene products strictly depends on the
concentration of copper in the media.

Results

Copper Specific Chelators Specifically Inhibit
Development of S. lividans and S. coelicolor
The relatively clear differences between the various stages
of morphological differentiation of surface-grown
Streptomyces has allowed easy monitoring of this process
in wild-type strains and developmental mutants. This
feature was also the key for the finding that copper strongly
induces aerial hyphae formation of S. lividans. Raising the
copper concentration, supplied as chloride or sulphate
salts, in the standard rich medium (R2YE) from 0.2 to 5
µM stimulated aerial hyphae formation in S. lividans and
advanced the switch from vegetative mycelium to aerial
hyphae by 24 to 36 hours. No stimulation was observed
with the addition of other metal salts such as FeCl3, ZnCl2,
NiCl2, CoCl2 or MgCl2 (Figure 1a). Aerial hyphae formation
of the closely related strain S. coelicolor was not affected
by the elevation of the copper concentration in the media.

To study the behaviour under conditions of an
extremely low copper concentration in the media, we tested
the effect of copper-chelating agents on the growth and
differentiation of S. lividans and S. coelicolor. Interestingly,
we found that the addition of 50 µM of a Cu(I)-specific
chelator, bathocuproin disulfonic acid (BCDA), specifically
inhibited aerial hyphae formation of both S. lividans and S.
coelicolor leaving vegetative growth and secondary
metabolism unaffected (Figure 1b). Normal development
was allowed to proceed upon the addition of extra copper
to the BCDA plates.

The strong effect of copper on the development of S.
lividans and the inhibition of development of both S. lividans
and S. coelicolor by the copper-specific chelator seems to
be restricted to rich media. Neither the stimulatory effect
of copper on the development of S. lividans nor the blocking
effect of BCDA on the development of S. coelicolor and S.
lividans were observed on mannitol containing minimal
medium (data not shown).

A S. coelicolor Genomic Fragment Containing the ram
Cluster Complements the Copper-Dependent
Phenotype of S. lividans
On the rich medium, R2YE, the onset of aerial hyphae
formation of S. coelicolor occurs 24-36 hours earlier
compared to S. lividans. Such an advanced onset of
differentiation and the abundance of aerial hyphae and
spore production are reached by S. lividans only at a ‘high’
copper concentration. Thus, as far as the differentiation is
concerned, S. coelicolor seems to be less dependent on
the copper concentration than S. lividans.

In an attempt to reveal the genetic background of the
copper-dependent development of S. lividans two
independent libraries of S. coelicolor genomic DNA were
screened for clones that could render S. lividans
development independent of extra copper. In total, three
complementing clones, designated 1/1/11, 2/2/1, and 2/2/

10, were identified. These clones where subsequently
subjected to restriction analysis, partial DNA sequencing
and Southern hybridisation, and were all found to contain
the ram (rapid aerial mycelium) gene cluster that was
identified several years ago (Ma and Kendall, 1994). The
ram cluster contains the genes encoding proteins belonging
to the large family of ABC (ATP binding cassette)
transporters (RamA, RamB) and a two-component
response regulator (RamR). The ram cluster consists of
two additional open reading frames, which were not
observed before by Ma and Kendall (1994). A small ORF
upstream of the ramA (ramS) with an unknown function
and a large open reading frame upstream of ramS
putatively encoding a membrane bound serine/threonine

Figure 1. (A): Aerial hyphae formation of a surface-grown S. lividans culture
after three days of growth was stimulated in a zone surrounding the cotton
filter disk via which 20µl of a 4mM copper(I) (Cu1) or copper(II)-chloride
(Cu2) solution was added. The addition of other metal-salt solutions did not
stimulate morphogenesis. (B): Phenotypes of S. lividans (top) and S.
coelicolor (bottom) after five days of growth on standard R2YE (left) and
after the addition of 50 µM BCDA (right). In both strains, the development
was blocked at the onset of aerial hyphae formation by the presence of the
copper chelator BCDA.

A

B
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kinase (ramC). The latter one is dispensable for
complementation since of this ORF only the C-terminal
part is present on clones 2/2/1 and 2/2/10 (see Figure 2A).
The over-all organisation of the ram gene cluster is similar
to that of the S griseus amf cluster (Ueda et al. 1993). The
introduction of any of the complementing clones in S.
coelicolor did not affect the growth and development in
this strain. Complementation experiments with deletion
derivatives of plasmid pGC151 indicated that the minimum
requirement for complementation is a clone containing

ramSAB. This was in agreement with earlier observations
by Ma and Kendall (1994).

The S. lividans ram Cluster Also Fully Complements
the Copper-Dependent Development
In order to adopt a S. coelicolor like differentiation pattern,
S. lividans requires either an elevated copper concentration
or an extra copy of ramSAB. This difference between S.
coelicolor and S. lividans may be due to the absence of a
(functional) ram cluster in S. lividans. However, Ma and

Figure 2. (A): The genetic organisation of the ram cluster, present on the
three clones that complemented the copper-dependent differentiation of S.
lividans. The clones that were used to construct the ram gene disruption
mutants were constructed by placing a hygR cassette in the BclI site present
in ramR (pBK154) or by displacing a 3.5 Kb BclI-BclI fragment by this
cassette (pB130/132). (B): The S. lividans ram cluster (GenBank accession
number AF139177) has been sequenced (part analysed represented by
the thick line in figure) and was shown to be over-all 99.6% identical to the
S. coelicolor ram cluster. The C-terminus of ramA of S. lividans was found
to contain two inserts of 6 and 12 nt in respect to the S. coelicolor sequence.
The C-terminal half of the S. lividans ramB ORF, was found to contain a 12
nt. deletion in a glutamate/proline repeat of the putative protein. In addition,
several point mutations were found. (C): Chimeric ram clusters were
constructed by combining part of Slram with the complementary part of
Scram.

C

B

A
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Kendall (1994) demonstrated the presence in S. lividans
of a DNA fragment homologous to ram by Southern blotting.
More detailed Southern blotting experiments showed the
presence of an apparently complete ram cluster on the S.
lividans genome, designated Slram. We therefore assumed
that the Slram cluster was impaired compared to the fully
active S. coelicolor ram cluster (Scram) and cloned and
sequenced the entire Slram cluster to reveal the apparent
defect (GenBank accession number AF139177).

By Southern hybridisation using fragments of the S.
coelicolor ram cluster as probes, the S. lividans ram cluster
was localised on two DNA fragments. ramC, ramS, ramA
and part of ramB were cloned on a 5.9 kb EcoRI - BamHI
fragment. The remaining part of ramB and ramR were
cloned as a 2.9 kb BamHI - SphI fragment. Both fragments
were sub-cloned and sequenced on both strands.

The sequence of Slram and Scram gene clusters are
99.6% identical (Figure 2B). A few significant differences
were observed. The S. lividans ramA gene harbours two
small inserts of 12 and 6 bp in respect to S. coelicolor
ramA. Furthermore, the S. lividans ramB ORF contained a
12 bp deletion in a region encoding a glutamate/proline
repeat at the C-terminal part of the putative protein. The
intergenic regions, putatively involved in the regulation of
ramAB ramS and ramR transcription were found to be
identical in both strains.

DNA fragments containing either Slram or Scram were
cloned in the integrating vector pSET152 (pBK125,
pGC151) and subsequently introduced into the S. lividans
genome. Morphological differentiation of the transformants
carrying an extra copy of ramSABR was compared to wild-
type strains in the presence and absence of extra copper.
These experiments showed that the Slram cluster fully
complements the copper-dependent development of S.
lividans and that the transformants were indistinguishable
from the integrant containing the Scram cluster. In addition,
the complete functionality of Slram was also demonstrated
by introducing chimeric ram clusters constructed by
combining part of Slram with the complementary part of
Scram. Again, the S. lividans transformants carrying the
chimeric ram clusters were indistinguishable from
transformants carrying either the S. coelicolor or the S.
lividans ram cluster as an extra copy.

Construction and Analysis of the ramABR and ramR
Disruption Mutants
To study the role of ramAB and ramR during morphological
differentiation and to explore a possible relation with copper,
two types of gene-disruption mutants were constructed in
S. coelicolor and S. lividans. The disruption of ramR was
achieved by inserting a hygromycin B resistance cassette
in the single BclI site of ramR (pBK154). A ramABR
disruption mutant was constructed by replacing a 3.2 kb
BclI fragment containing most of ramA, the entire ramB
and a large portion of ramR by a hygromycin B resistance
cassette (pBK130/132) (Figure 2A and Experimental
procedures).

The disruption of ramR in S. coelicolor or S. lividans
resulted in strains that were 12 to 24 hours delayed in the
onset of differentiation compared to the wild-type strains.
The disruption of ramABR in S. lividans 1326 resulted in a
complete loss of the ability to form aerial hyphae and
spores. Contrary, S. coelicolor retained most of its
developmental capacities upon the disruption of ramABR.

Although delayed, aerial hyphae and spores were produced
to near wild type levels (Figure 3). The effects of the
disruption of ramB in S. lividans TK64 (HM21) were already
known to some extend (Ma and Kendall 1994). However,
the effects we observed upon disruption of ramABR in S.
lividans 1326 differ somewhat with the observations
described earlier. Contrary to mutant HM21, the disruption
of ramABR in S. lividans 1326 results in a completely bld
phenotype. An increase in the production of a red pigment
as was observed for HM21 was not observed for S. lividans
1326 ∆ramABR in which vegetative growth and antibiotic
production were not affected by the disruption. Nor did we
observe any problems with the viability of the ram mutants.
Finally, contrary to HM21, all ram disruption mutants
showed a carbon source dependent behaviour and
produced normal aerial hyphae and spores when grown
on either R2YE or minimal media containing mannitol as
carbon source. Under these conditions, no difference could
be detected between wild type and mutant strains.

The difference between HM21 (a TK64 derivative) and
the S. lividans 1326 ramABR disruption mutant must be
caused by the presence of intact ramA and ramR in HM21.
Disruption of ramR does have a negative effect on
development (see above) but also partial activity of RamA
in HM21 can not be ruled out as suggested by Ma & Kendall
(1994). Differences in pigmentation could be the result of
the genetic background of the two strains, 1326 is a wild
type strain while HM21 is pro-2, str-6 SLP2- SLP3-

(Hopwood et al., 1985).

Figure 3. The phenotypes of the S. coelicolor (wt) and S. lividans (wt) and
the ramABR mutants after five days of growth on R2YE plates. The disruption
of ramABR in S. lividans and S. coelicolor affected normal development.
The S. lividans ramABR mutant (top right) was unable to form aerial hyphae
and spores. The development of the S. coelicolor ramABR mutant (bottom
right) was delayed compared to the S. coelicolor wild-type strain (bottom
left).
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Aerial hyphae and spore production in all ram
disruption mutants was stimulated when grown near wild-
type strains. Even the bald phenotype of the S. lividans
ramABR mutant was fully complemented when grown near
wild-type S. lividans. Aerial hyphae and spores were formed
in a zone of roughly 1 cm from the wild-type strain (Figure
4a). This complementation could also be accomplished by
using spent agar media from wild-type strains. Since these
effects were not observed using spent media from the
ramABR mutant itself, the observed effects must be due
to secretion of a stimulating compound by the wild type
strain. Extracellular complementation by wild type strains
has also been observed with some of the bld mutants and

proposed to be due to the supplementation a small peptide
(SapB), essential for the onset of aerial hyphae formation
(Willey et al. 1991). Extracellular complementation was also
observed with certain combinations of bld mutants. This
phenomenon has led to the proposal of a hierarchical
cascade of intercellular signals leading to the onset of aerial
hyphae formation (Willey et al. 1993). To test whether the
ram gene knock-out mutants could be placed within this
signalling cascade, we tested the extracellular
complementation of the various bld mutants with the S.
lividans ramABR disruption mutant. None of the bldA, bldB,
bldC, bldD, bldF, bldG, bldH mutants were able to induce
aerial hyphae formation in the S. lividans ramABR mutant.
With the exception of bldA, none of the bld mutants was
stimulated to form aerial hyphae when grown near to the
S. lividans ramABR disruption mutant.

Interestingly, raising the concentration of copper in the
media from 0.2 to 2 µM was sufficient to fully restore aerial
hyphae and spore formation in all S. coelicolor and S.
lividans ramABR and ramR mutants to wild type properties
(Figure 4b). Similar amounts of iron-, magnesium-, zinc-
and nickel chloride did not stimulate aerial hyphae
formation. Elevating the copper concentration in the media
had no effect on the growth and development of the tested
bld mutants.

Complementation of the ram Disruption Mutants
The ramABR disruption mutants of both S. coelicolor and
S. lividans were transformed with the integrating vector
pSET152 harbouring the complete Slram cluster (pBK125),
the complete Scram cluster (pGC151), or ScramR
(pBK117). Both the Slram and the Scram cluster
complemented the S. lividans mutant to almost wild-type
levels, whereas ramR alone did not restore normal
development. The delay in the development of the S.
coelicolor mutant was fully restored by both ram clusters,
and by ramR alone. The results obtained in the
complementation experiments with the complete ram
clusters were confirmed by similar experiments using
chimeric ram clusters (Figure 2c).

Transcription Analysis of ramAB
The complementation experiments show that the delay in
timing of S. lividans differentiation in comparison to that of
S. coelicolor, cannot be explained by a significant functional
difference between their respective ram gene products.
This observation prompted transcriptional analysis of the
chromosomal region encompassing ramAB and upstream
sequences.

For this purpose total RNA was isolated from S.
coelicolor, S. lividans and S. lividans containing the S.
lividans cluster integrated as an extra copy in the genome
(S. lividans::pBK125) grown for 1-5 days on polycarbonate
membranes on R2YE plates at 30°C.

Nuclease S1 mapping was performed with a 379 bp
DNA probe harbouring the region encompassing the end
of ramS and the start of ramA, and 64 bp of vector
sequence, the latter allowing discrimination between probe
reannealing and full length protection by RNA (Figure 5).
Approximately 30 µg RNA was hybridised with 0.02 pmol
(5x104 Cerenkov counts min-1) probe, processed and
analysed on a 6% (w/v) acrylamide gel under denaturing
conditions (experimental procedures).

Interestingly, the appearance of the ramAB transcripts

Figure 4. (A): Aerial hyphae and spore formation of the S. lividans ramABR
disruption mutant (bottom) is restored when grown near a S. lividans wild
type strain (top). (B): Normal development of the S. livdans ramABR mutant
was restored when the concentration of copper in solid R2YE was raised
from 0.01 (left) to 2 µM (right).

A

B

S. lividans 1326 ∆ramA/B/R
0.01 µM Cu2+      2 µM Cu2+
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corresponded to the onset of aerial mycelium formation;
during the vegetative phase and spore stadium, the ramAB
expression level was much lower. In all samples, bands
could be detected corresponding to full length protection
of the probe, indicating that the transcription of ramAB and
ramS are coupled.

In RNA isolated from S. coelicolor and S. lividans wild-
type cultures, few weak bands could be detected only after
several days exposure of the X-ray film (Figure 5b and
5c). In contrast, in RNA derived from cultures of S. lividans
containing an extra copy of S. lividans ram, ramAB
transcripts could readily be detected after a few hours
exposure of the X-ray film (Figure 5a). Apparently, addition
of an extra copy of ram dramatically increases ramAB
transcription.

The larger band (FLP) of approximately 315 nt
corresponds to full-length protection of the probe, strongly
suggesting that ramAB transcription arises at least partially
from a promoter upstream of ramS. A shorter band (X) of
approximately 190 nt was observed, corresponding to a
position 20 nt downstream of ramS. Since no promoter-
like consensus sequences could be identified upstream of
this position, we suggest that band X is the result of
processing of a larger transcript.

Discussion

Copper Plays a Crucial Role During the Onset of Aerial
Hyphae Formation
Copper ions play an important role in the development of
Streptomyces lividans and Streptomyces coelicolor. This
was clearly demonstrated by the stimulatory effect of
copper ions on the differentiation of S. lividans and the
devastating effect of the Cu(I) specific chelator BCDA on
the development of S. lividans and S. coelicolor (Figure
1). The developmental block that occurred after the addition
of the BCDA could be relieved by adding extra Cu2+,
indicating that the effects observed are not due to any toxic
effects of BCDA but specifically to the chelation copper.
The specific effect of BCDA on developmental pathways
may be due to the inactivation of an extracellular copper-
dependent protein, essential for the onset of aerial
mycelium formation. Alternatively the effect may also be
explained by a change in copper metabolism during the
switch from vegetative to aerial growth resulting in a BCDA-
sensitive phenotype. The apparent insusceptibility of
vegetative growth and secondary metabolism to the
presence of the copper chelator indicates that the observed
effects are not due to a copper deficiency. One of the many
consequences of a copper deficiency is a malfunctioning
in the respiratory pathways due to a lower activity of the

Figure 5. Nuclease S1 mapping of the
ramAB transcripts of total RNA of S. lividans
carrying an extra copy of the S. lividans ram
cluster (a) S. lividans (b) and S. coelicolor
(c), isolated at various time points during
growth on solid media. Samples of
vegetative mycelium (V) were taken early
during growth and at the appearance of the
pigment undecylprodigiosin (Red). When
only one vegetative sample is shown, that
of the latter growth phase is used. Aerial
hyphae samples (A) were taken at the
appearance of aerial hyphae and just before
sporulation started. Samples taken during
sporulation (S) were taken at the
appearance of the grey spore pigment. FLP
marks the signal for full-length protection.
P indicates the 379 bp probe and M the end-
labelled ΦX174 HinfI digest. Band X is
probably the consequence of processing of
a larger transcript (see text). The drawing
on the top represents the 379 bp probe used
during the experiments with the asterisks
representing the 32P labelled end of the
probe.



S. lividans Differentiation   571

copper containing cytochrome c oxidase, which would have
been reflected on vegetative growth as well. The possibility
of the copper-BCDA complex being taken up can be ruled
out since this is known to lead to severe DNA damage and
inhibition of DNA polymerase I (Pope et al., 1982).

The ram Cluster is Crucial for Morphogenesis of S.
lividans But Not of S. coelicolor
The S. coelicolor ram cluster was identified by its ability to
complement the copper-dependent development of S.
lividans. Based of the difference in copper dependence
during the development of S. coelicolor and S. lividans we
initially assumed the Slram cluster to be either functionally
‘impaired’ or expressed at a lower level compared to the
Scram cluster. However, results obtained from
transcriptional analysis and additional complementation
studies of the wild-type strains and the ram-disruption
mutants indicated that this assumption is not valid.

Significant functional differences between Scram and
Slram could be excluded since an additional copy of either
the S. lividans or the S. coelicolor ram cluster fully
complemented the copper-dependent differentiation of S.
lividans 1326. Furthermore, no differences could be
detected between the S. lividans ramABR disruption mutant
complemented by either Slram or Scram. Although aerial
mycelium formation by S. coelicolor is much more abundant
than by S. lividans, transcription analysis failed to reveal
significant differences in the ramAB transcript levels in the
two wild-type strains. Interestingly, the timing of ramAB
transcription corresponds well to the development of aerial
mycelium, again linking these genes to morphological
differentiation. Introduction of one extra copy of the S.
lividans ram cluster into S. lividans 1326 resulted in
abundant aerial mycelium formation, similar to that

observed for S. coelicolor. It is likely that this is caused by
the strongly increased expression of ramAB, as reflected
by the abundant transcript levels observed (see Figure 5).
While we cannot exclude a contribution of the increased
expression of ramS to S. lividans development, introduction
of a truncated construct harbouring the complete ramS and
ramA genes, but not ramB (pBK122), was not sufficient to
complement the copper-dependent differentiation of S.
lividans 1326. Apparently, the development of S. coelicolor
is less dependent on the ramAB expression level than S.
lividans, which may indicate the presence of a ramAB-
independent developmental pathway in S. coelicolor
(Figure 6).

This hypothesis was supported by the phenotypes of
the various S. lividans and S. coelicolor ram gene disruption
mutants. The S. coelicolor ramABR disruption mutant was,
contrary to the S. lividans ramABR disruption mutant,
capable of producing aerial hyphae and spores.

The delay that was observed in the onset of aerial
mycelium formation of the S. coelicolor ramABR mutant is
more likely to be due to the disruption of ramR than to any
effect on ramAB since this mutant could be fully
complemented by the introduction of ramR. In S. coelicolor
ramAB seem to be dispensable for normal development
and thus indicating the presence of an alternative
development route which is apparently missing of
malfunctioning in S. lividans. This S. coelicolor-specific
alternative development route may either by-pass the need
for Ram activity or may represent an alternative route with
the same activity. The latter option seems to be the most
likely since aerial hyphae and spore formation in the S.
lividans ramABR disruption mutants is stimulated when
grown near the S. coelicolor ramABR mutant (data not
shown).

The absence of this ram-independent system in S.
lividans may be the cause of the intrinsic difference in S.
lividans copper-dependent development compared to that
of S. coelicolor. Since the components involved in this
system were not identified during the complementation
experiments with the two independent genomic libraries,
the genes encoding this system may either be distributed
over multiple parts of the genome or span a size larger
than 25 kb.

RamAB Appears to be Involved in the Transport of a
Factor Essential for Aerial Hyphae Formation
The bald phenotype of the S. lividans ramABR disruption
mutant can be relieved by either placing the mutant near a
S. lividans wild-type strain or by increasing the copper
concentration in the media (Figure 4). The first
phenomenon can be explained by the requirement of an
extracellular factor that under normal conditions is exported
by the ABC-transporters RamA and RamB and is absent
in the S. lividans ramABR disruption mutant. The second
observation indicates that at high copper levels this ram-
associated factor (RAF) becomes obsolete (Figure 6).

The question that remains is whether or not the effects
of copper and the role of the ram geneproducts during
differentiation are linked at a functional level. If this
functional relation does not exist, then an elevated copper
concentration in the media may make alternative, ram
independent, differentiation routes accessible. Alternatively,
if a functional relation between copper and ram does exists,
then the extracellular ram-associated factor may for

Figure 6. A schematic overview of the observations made for the copper-
dependent onset of aerial hyphae formation and the role of the ram genes.
The middle part of the figure depicts the ram-dependent aerial hyphae
formation on R2YE (0.2 µM copper). The dotted line indicates a ram-
independent route for aerial hyphae formation that seems to be present in
S. coelicolor. On the right site, the ram-independent growth of aerial hyphae
in the presence of a high copper concentration (>2µM) is depicted. The left
site shows the specific block of aerial hyphae formation in the presence of
a copper-specific chelator (no copper).

ram
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instance be involved in copper trafficking, which includes
its uptake and transport, as well as the incorporation of
copper into apo-proteins. Higher copper concentrations
would render a high affinity trafficking system redundant,
possibly accounting for the observed complementation.
However, analysis of the aminoacid sequence of the ram
gene products does not provide indications for a link
between ram and copper.
The nature of the Ram-associated factor and its role during
copper-dependent differentiation of S. lividans is subject
of further research.

Experimental Procedures

Strains and Media
All E. coli and Streptomyces strains used in this study are listed in Table 1.
E. coli strains were grown at 37°C in Luria broth or on Luria broth agar
plates as described by Sambrook et al. (1989).

Streptomyces strains were grown on the rich agar medium R2YE
containing 0.2 µM copper chloride (Hopwood et al., 1985) or the minimal
agar medium SMM (Strauch et al., 1991). The concentration of copper in
the media was elevated by the addition of copper salt solutions
(CuSO4,CuCl2). For liquid cultures we used YEME (Hopwood et al., 1985)
or TSBS (3% (w/v) Tryptone Soya Broth with 10% (w/v) sucrose). The
antibiotics (ampicillin, apramycin and hygromycin B) were purchased from
Ducheva (Haarlem, The Netherlands). Thiostrepton was a kind gift of Bristol-
Meyers Squibb.

General Cloning Procedures and DNA Techniques
Standard genetic techniques, agarose gel electrophoresis, plasmid
preparations and in vitro DNA manipulations were performed according to

published protocols (Sambrook et al., 1989). All plasmids used and
constructed during this study are listed in Table 2. Restriction enzymes and
T4 DNA ligase were purchased from Pharmacia (Sweden). The handling
and manipulation of Streptomyces strains was performed according to
protocols described by Hopwood et al. (1985). Streptomyces genomic DNA
was isolated using a genomic DNA isolation kit (Puregene) in accordance
with the manufacturers instructions for Gram-positive bacteria with the
modification that prior to lysis, the cells were incubated in 4 mg/ml lysozyme
for 30 minutes at 30°C. Southern blotting and hybridisation was performed
as described by Sambrook et al. (1989). DNA probes for Southern blot
analysis were labelled by random prime incorporation of digoxigenin-dUTP
(DIG-labelled DNA) using the DIG DNA labelling kit (Boehringer Mannheim).
The hybridisation was performed at 45°C in Easy Hyb (Boehringer
Mannheim) and stringent washes (0.1x SSC, 0.1% (w/v) SDS) at 65°C.
For the detection of the alkaline phosphatase-antibody conjugate which
recognises the DIG-moiety, CSPD (Boehringer Mannheim) was used as a
substrate.

Complementation With the S. coelicolor Genomic Library
During the complementation experiments, two S. coelicolor genomic
libraries, a kind gift of J. Ryding and K. Chater, have been used. The first
library consisted of fragments S. coelicolor M145 genomic DNA partially
digested with Sau3AI with an average size of 10 kb, ligated in BglII-digested
pIJ698. The library was introduced in S. coelicolor J1501 by protoplast
transformation (Hopwood et al., 1985). A total of 2500 transformants was
maintained as sporulated patches on R2YE plates. This number of
transformants should cover close to 100% of the S. coelicolor genome.
The library was introduced in S. lividans by replica plating and mating on
MM mannitol plates containing 50 µg/ml histidine and 7.5 µg/ml uracil. The
subsequent counter selection for the donor, J1501, was carried out by replica
plating the ‘mating plates’ on MM plates containing mannitol without uracil
and histidine.

The second library was derived from S. coelicolor 1147 genomic DNA,
partially digested with Sau3AI. Fragments with an average length of 20-25

Table 2. Plasmids

Plasmid Description Reference/source

pUC18 E.coli cloning vector Veira and Messing, 1982
pTZ19R/18R pUC18/19 derivative containing f1 ori allowing the generation of single stranded DNA Pharmacia, Sweden
pIJ698 Low copy number Streptomyces cloning vector (carrying thiostrepton resistance marker) Kieser and Melton, 1988
pSET152 E. coli / Streptomyces shuttle vector (carrying apramycin resistance Bierman et al., 1992

marker) that allows integration in the ΦC31 attachement site on the Streptomyces chromosome
pGC151 S. coelicolor ram cluster (BglII insert of 1/1/11) in BamHI site of pSET152 This work
pGC153 S. coelicolor ram cluster (BglII insert of 1/1/11) cloned into BamHI site of pUC18. This work
pBK121 The reconstructed S. lividans ram cluster in pUC18 (5.9 Kb EcoRI/BamHI fragment ligated to the 2.9 Kb This work

BamHI/SphI ram fragment)
pBK122 pGC153 ∆BamHI This work
pBK125 The insert of pBK121 cloned in pSET152 This work
pBK 130 pBK121 ∆BclI :: hyg, apra This work
pBK 132 pGC153 ∆BclI :: hyg apra This work
pBK154 2.3 Kb BamHI/HindIII fragment of pGC153 containing ramR hyg (BclI) apra (HindIII) This work

Table 1. Strains

Strain Genotype/phenotype Reference/source

E. coli
JM109 F' traD36 lacIq ∆(lacZ)M15 proA+B+l e14-(McrA-) ∆(lac-proAB) thi gyrA96 Yanish-Perron et al., 1985

(Nalr) endA1 hsdrR17 (rk-mk+) relA1 supE44 recA1
ET12567 F- dam-13::Tn9 dcm-6 hsdM hsdR recF143 zjj-202::tn10 galK2 galT22 MacNeil et al., 1992

ara14 lacY1 xyl-5 leuB6 thi-1 tonA31 rspL136 hisG4 tsx78 mtl-1 glnV44
Streptomyces
S. lividans 1326 wild type Hopwood et al., 1985
S. coelicolor M145 Prototrophic SCP1- SCP2- Hopwood et al., 1985
J1700 bldA39 hisA1 ura1 strA1 SCP1-SCP2- Pgl- Lawlor et al., 1987
J669 bldB43 mthB2 cysD18 agaA7 NF Merrick et al., 1976
J660 bldC18 mthB2 cysD18 agaA7 NF Merrick et al., 1976
J774 bldD53 cysA15 pheA1 mthB2 strA1NF Merrick et al., 1976
WC103 bldG103 hisA1 uraA1 strA1 SCP1-SCP2-Pgl- Champness, 1988
WC109 bldH109 hisA1 uraA1 strA1 SCP1-SCP2-Pgl- Champness, 1988



S. lividans Differentiation   573

kb were ligated in BglII-digested pIJ698 and introduced directly in S. lividans
1326 by protoplast transformation.

Cloning and Sequencing of the S. lividans ram Cluster
The S. lividans ram cluster was localised on two DNA fragments by Southern
hybridisation using the S. coelicolor ram genes as probes. The first, a 5.9
kb EcoRI - BamHI fragment containing ramC, ramS, ramA and a part of
ramB, the second a 2.9 kb BamHI - SphI fragment containing the remaining
part of ramB and ramR. DNA fragments of the corresponding size were
isolated from 1% (w/v) agarose TAE gels and cloned in pTZ18R. For the
sequence determination a total 42 overlapping subclones of the two
fragments were constructed in the phagemid vectors pTZ18R or pTZ19R.
Single stranded DNA templates were sequenced at Baseclear (Leiden, The
Netherlands) using a LiCor Automated DNA sequencer. Regions containing
compressions were sequenced using the Thermo Sequenase dye terminator
kit (Amersham Life Science) and analysed a an ABI Prism 373 XL DNA
sequencer (Perkin Elmer). The complete cluster was sequenced on both
strands. To rule out the possibility of an additional BamHI site close to the
site used for cloning, a fragment covering this region of the ram cluster was
amplified by PCR and sequenced. GenBank accession number of the S.
lividans ram cluster: AF139177

Transcription Analysis
Mycelium grown on R2YE plates overlaid with polycarbonate track-etch
membranes (Osmotics, Livermore CA, USA) was harvested at various points
during growth. Total RNA was isolated using the SV RNA isolation kit
(Promega) according to the procedures described by Venendaal and Wösten
(1999).

For each nuclease S1 protection assay, approximately 0.02 pmol
(5x104 Cerenkov counts min-1) of labelled probe was hybridised to 30 µg of
RNA in Na-TCA buffer (Murray, 1986). After denaturation at 72°C for 15
minutes, samples were allowed to cool down O/N to a final temperature of
45°C. Subsequently, samples were diluted in 300 µl ice-cold S1 buffer
(Favaloro et al., 1980) containing 100 units of S1 nuclease and chilled on
ice. Digestions were done at 37°C for 45 minutes after which the samples
were precipitated with 0.1 volume 3M sodium acetate and 2 volumes ethanol.
After centrifugation, the pellets were dissolved in standard sequencing gel-
loading dye, denatured by heat and electrophoresed on denaturing 6% (w/
v) polyacrylamide sequencing gels. The ramAB S1 probe that was used to
detect the ramAB transcripts was generated by PCR using pramAB (5'-
CGG CCG CCG CGA CCG AGC AC-3'), which was designed based on the
sequence, approximately 80 bp downstream of the putative translation
startsite of RamA, and the M13 reverse sequencing primer (New England
Biolabs) (5'-AAC AGC TAT GAC CAT G-3'). As template we used a PstI-
BclI subclone containing parts of ramS and ramA. The polymerase chain
reaction was performed in a minicycler (MJ research, Watertown MA, USA)
using Pfu polymerase (Stratagene, La Jolla CA, USA) and the buffer
provided by the supplier in the presence of 5% (v/v) DMSO, 25 pmol of
each primer and 0.2 mM of each dNTP and 10 ng template (usually
predigested genomic DNA). The amplification was performed in 30 cycles
consisting of 60s at 94°C, 60s at 54°C and 60s at 72°C. The 379 nt probe
containing a 64 nt non- homologous extension was labelled at the 5’ end
with [γ-32P]-ATP and T4 polynucleotide kinase.

Construction of ram Gene Disruption Mutants
In all plasmid constructs for insertional inactivation of ram genes on the
genome, the hygromycin B resistance gene was used as the selectable
marker (Blondelet-Rouault et al., 1997). In addition a 2.3 Kb fragment
containing the apramycin resistance gene was cloned into the HindIII site
of the multiple cloning site of the vector, allowing discrimination between
single and double homologous cross-over events. Subsequently, the
plasmids were transferred to E. coli ET12567 to circumvent the restriction
barrier of S. coelicolor. Prior to the protoplast transformation the DNA was
denatured by heating the sample for 5 minutes at 95°C in an ethylene
glycol/glycerol/EDTA buffer followed by quick cooling on ice (Oh and Chater
1997). After transformation, the S. coelicolor and S. lividans protoplasts
were regenerated on R2YE plates. Selective antibiotic pressure was applied
after 18 hrs by a hygromycin B overlay resulting in a final concentration of
100 µg/ml. After 7 days incubation at 30°C, the hygromycin B resistant
mutants were checked for the absence of apramycin resistance.

The ramABR genes were disrupted by replacing the 3.5 kb BclI
fragment containing most of ramA, the entire ramB gene and a large portion
of ramR by the 1.7 Kb fragment containing the hygromycin B resistance
gene, in pBK121 and pGC153. The ramR disruption mutants were
constructed by inserting the hygromycin B resistance gene in the BclI site
in the C-terminal half of the ramR ORF. For the isolation of the ramR knock-
out mutants in S. lividans a total of 16 hygromycin B resistant (hygR) colonies
was checked and of these four were found to be apramycin sensitive
indicating a correct double crossover event. In S. coelicolor 2 of the 18
hygR mutants were found to be apramycin sensitive. In the case of the

ramABR knock-out mutant constructions a total of 12 hygR mutants were
checked in S. lividans of which four were apramycin sensitive. In S. coelicolor
three mutants out of the selected 18 hygR mutants were found to be
apramycin sensitive. The integrity of all the hygromycin B resistant and
apramycin sensitive mutants was checked by Southern blotting using three
probes: a 1.6 Kb BclI-SphI fragment of the S. coelicolor ram cluster, the
entire 1.7 Kb hygromycin B resistance gene and the 2.3 Kb apramycin
resistance gene.
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