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A two-phase cultivation system was developed which will enable studies of streptomycete differentiation by
molecular biological and global techniques such as transcriptomics and proteomics. The system is based on a
solid phase formed by glass beads corresponding to particles in soil, clay, or sand natural habitats of
streptomycetes. The beads are immersed in a liquid medium that allows easy modification or replacement of
nutrients and growth factors as well as radioactive labeling of proteins. Scanning electron microscopy was used
to analyze morphological differentiation of streptomycetes on glass beads and two-dimensional protein elec-
trophoresis to demonstrate the potential of the system for analyses of protein synthesis profiles during the
developmental program. This system facilitates studies of differentiation including expression and posttrans-
lation modifications of streptomycetes proteins, secondary metabolite biosynthesis, and morphological

development.

Streptomycetes are saprophytic filamentous gram-positive
bacteria inhabiting particulate soil ecosystems and marine sed-
iments throughout the world. They are a particularly interest-
ing group of bacteria, having a complex life cycle, diverse
metabolic capabilities, and one of the largest of bacterial ge-
nomes (2). They excrete extracellular enzymes to hydrolyze
polymers such as starch and cellulose and utilize the soluble
breakdown products. Their ability to produce many important
antibiotics and other useful metabolites has been of interest to
academics and exploited by many pharmaceutical companies.
The life cycle of streptomycetes is initiated by spore germina-
tion followed by the development of a branched hyphal net-
work covering the surface of soil particles or organic debris. In
response to complex but still poorly defined signals, the sub-
strate mycelium produces aerial hyphae that eventually un-
dergo septation to yield chains of unigenomic spores. This has
proven to be a complex process linked to primary metabolism
(17) and production of secondary metabolites, including many
antibiotics (5, 6, 9, 18). Therefore, it is important to study
streptomycete morphological differentiation, ideally under
conditions that mimic its natural environment as closely as
possible. To achieve this, streptomycetes have been cultivated
on agar plates, sometimes covered with sheets of cellophane
(1, 7) to facilitate harvesting of cells. However, there are sev-
eral disadvantages. Agar gels do not simulate the particulate
nature of soil ecosystems. Furthermore, it is not well adapted
to allowing adjustment of the medium composition during
growth, to providing radiolabeled nutrients or growth factors
in a controllable manner, or to analyzing secondary metabolite
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production during cell differentiation. The problem of obtain-
ing large homogenous samples from differentiating streptomy-
cetes in a reproducible manner is encountered in all the tran-
scriptomic and proteomic studies.

Here, we present a novel system for cultivation of the my-
celial bacteria in a two-phase system composed of glass beads
immersed in a liquid medium. The size of the beads can be
selected to mimic as nearly as possible the particles of soil or
sand found in natural habitats of streptomycetes. The defined
liquid medium, filling the space between the beads, can be
easily modified by the addition or replacement of nutrients,
growth factors, or radiolabeling of proteins and nucleic acids.
The use of glass beads thus allowed us to develop simple and
inexpensive techniques for sequential monitoring of antibiotic
production, labeling of differentiating cells, and disintegration
of mycelia. Differentiation of mycelia cultivated on the beads
was studied by scanning electron microscopy (SEM). Prepara-
tion and analysis of samples for proteomic studies was dem-
onstrated using high-resolution two-dimensional (2D) poly-
acrylamide gel electrophoresis (PAGE) of cell-free protein
homogenates from Streptomyces mycelia grown on glass beads
in the presence of [*>S]methionine or [**P]phosphate labels.
The potential use of this cultivation system in studies of func-
tional genomics and metabolomics of streptomycetes will be
discussed.

MATERIALS AND METHODS

Materials. The glass beads “Balotina” no. 10 from ORNELA a.s. (Desna, in
Jizerské mountains, Czech Republic) were in the size range of 265 to 325 wm.
Originally used as a reflective additive in street paints, we adopted them for
growing and breaking Streptomyces cells. The glass beads were boiled in 0.1 M
HCI for 30 min, rinsed many times with distilled water until the washing water
remained neutral, and dried at 120°C before use. L-[**S]methionine (SJ 1015, cell
labeling grade) was purchased from Amersham Biosciences; [**P]orthophos-
phate was from ICN Biomedicals. All other chemicals were of reagent or ana-
lytical grade.



VoL. 71, 2005

(a)

04
o~

O
S

Cotton plug
Bigger
syringe
Glass beads

Rubber
connector

Smaller
syringe

STREPTOMYCES DIFFERENTIATION USING GLASS BEADS 2849

{jAeria.F mycelia and
spores in the air

Substrate mycelia
! bound

O Glass beads, solid phase
B Liquid medium, dynamic phase

&2 Diffusion and capillarity of liquid medium

FIG. 1. Cartoon representing the two-phase culture system for in vivo labeling of Streptomyces strains by radioactive compounds (a) and a side view
of a Streptomyces culture growing on glass beads (b). The bigger syringe in panel a containing the glass bead layer serves as an artificial habitat for growth
of streptomycetes. To initiate labeling, the smaller syringe functions as a pump to withdraw spent medium and inject it back after supplementing
radioactivity. The spent medium can similarly be modified or supplemented with signal molecules. During development, the submerged hyphae shown
on panel b probably undergo lysis through an orderly process and serve as a source of nutrients for emerging aerial mycelium (15).

Strains and cultivation conditions. Streptomyces coelicolor A3(2) J1501 (John
Innes Center, Norwich, United Kingdom), Streptomyces granaticolor (ETH 7437),
Streptomyces collinus (ETH 24318), and Streptomyces aureofaciens CCM3239
(Czechoslovak Collection of Microorganisms, Brno, Czech Republic) were used
to test the cultivation system. The mycelia used to inoculate the glass beads were
grown in a minimal NMP medium (14) containing 1% glucose and buffered by
TES [N-tris(hydroxylmethyl)methyl-2-aminoethanesulfonic acid]-NaOH. About
10° Streptomyces spores/ml were inoculated into 50 ml NMP medium in 500-ml
flasks and cultivated until the cultures reached late exponential phase [48 h for
S. coelicolor A3(2) and 20 h for S. aureofaciens CCM3239, the difference being
due to their different growth rates]. The same cultivation conditions were used
for the other tested strains (not shown). For morphological studies, plastic 5-ml
petri dishes were used. Each dish contained 19 g of the glass beads, which were
autoclaved separately in glass test tubes at 121°C for 30 min. Beads were evenly
spread in the dish, and thereafter, a 4-ml aliquot of the liquid culture was
carefully deposited dropwise and spread onto the glass bead surface, and the
plates were incubated at 28°C. To prevent cultures from drying out, they were
kept in large plastic boxes where high humidity was provided by water-soaked
cotton wool. Alternatively, glass beads were inoculated with a suspension of 10°
dormant spores in 4 ml of NMP medium.

SEM. For sample preparation, we developed a technique (13) which involves
postharvesting replacement of liquid cultivation medium surrounding glass beads
by low-melting agarose. This fills the free space between beads and fixes them
together. Osmium-fixed samples were examined in an AQUASEM scanning
electron microscope (TESCAN) at 15 kV. Samples of cultures collected at
different times during differentiation were subjected to SEM analysis.

Pulse-labeling of proteins by L-[3*S]methionine and [**P]orthophosphate and
protein extraction for two-dimensional gel electrophoresis. For protein pulse-
labeling with L-[**S]methionine, cells were grown either in 5-ml syringes con-
taining 4.8-g glass beads or on plates as described above. The culture was evenly
deposited dropwise onto the surface of glass beads, and the volume of liquid
medium was calculated so that it filled the space between the glass beads. To
initiate labeling, a sterile 1-ml syringe containing 3.7 X 10° Bq of L-[**S]methi-
onine in 100 pl of sterile medium was connected to the syringe containing the
glass bead culture through sterile soft rubber tubing (Fig. 1). The liquid medium
in the bigger syringe was first sucked into the smaller syringe and mixed with the
radioactive component and then pushed back gently to the larger syringe. This
allowed the cultivation medium to be replaced or supplemented with any soluble
additives. The culture was then kept in a 28°C incubator for 2 h before the cell
mass was harvested. When petri dishes were used, the label was similarly depos-
ited dropwise onto the surface of the glass bead substrate.

For in vivo phosphate labeling, cultures were pulse-labeled with 3.7 X 107 Bq
ml~! of carrier-free [**PJorthophosphate (specific activity > 3.14 TBq mmol 1)
for 1 h.

Labeling was stopped by aspirating away the radioactive medium in cultures

growing in syringes or by removing the surface layer of glass beads supporting
growth on plates and washing the mixture of cell mass and beads with cold buffer
containing 10 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA, and a protease
inhibitor cocktail (Boehringer). The washed mixture was then transferred to vials
and disrupted in a Mini-BeadBeater (two 30-s cycles at 4,200 rpm; Biospec
Products Inc.); the samples were kept on ice throughout the procedure. Cell
debris and glass beads were removed by centrifugation at 12,000 rpm in a
Beckman Minifuge at 4°C. Protein concentration was measured by the Bradford
method (3). The total proteins were then precipitated with cold acetone and kept for
2 h at —70°C. After centrifugation (12,000 rpm for 15 min), the precipitate was
solubilized in 2D gel electrophoresis sample buffer containing 9.5 M urea, 2%
CHAPS  {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 1.6%
ampholyte 5-7, 0.4% ampholyte 3-10, and 2% 2-mercaptoethanol. Samples were
kept for 2 h at room temperature before being loaded onto isoelectric focusing (IEF)
gels. The experimental set up for pulse-labeling is shown in Fig. 1a.

High-resolution 2D PAGE. Radioactivity incorporated into proteins was mea-
sured in an LKB Wallac scintillation counter. For [>>S]methionine labeled pro-
teins, about 10® dpm (disintegrations per minute) were loaded onto each IEF
tube gel.

Total protein cell extracts prepared as described above were analyzed by a
large-format two-dimensional (IEF/sodium dodecyl sulfate-PAGE) gel electro-
phoresis (16) system (Investigator; Oxford Glycosystem). IEF was carried out in
cylindrical gels within 26-cm tubes of 1-mm inside diameter. IEF gels containing
carrier ampholytes (Sigma), pH 3 to 10 and pH 5 to 7, in a 1:4 ratio were run for
17,000 Vh. After equilibration in sodium dodecyl sulfate buffer, tube gels were
laid on top of 12.5% polyacrylamide slab gels and run at 16 W per gel at 20°C.
Gels were air dried between two cellophane sheets. Radioactive protein spots
were visualized in the Fuji phosphorimaging plate scanner BAS5000.

Analysis of antibiotic production. The procedures for detection and analysis of
pigmented antibiotics of S. coelicolor A3(2) followed the methods described
previously by Bystrykh et al. (4), with modifications. To analyze intracellular blue
pigment (actinorhodin), glass bead cultures were washed twice with 0.1 M HCI
and resuspended in 1 M KOH, thoroughly mixed for 1 h, and centrifuged at 5,000
rpm for 5 min. To extract the antibiotics for thin-layer chromatography (TLC),
samples in KOH were acidified by 4 M HCI to pH 1 to 2 and allowed to stand
on ice for 15 min. Precipitates were redissolved in dioxane and loaded onto
silica-coated glass plates (Kieselgel 60) containing a UV 254 fluorescent indica-
tor (Merck, Germany). The solvent used for TLC was benzene-acetic acid (9:1),
and the spots were visualized under normal or UV light.

RESULTS AND DISCUSSION

Growth and morphological differentiation of streptomycetes
on glass beads. Many Streptomyces species, including S. coeli-
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FIG. 2. Morphological differentiation of S. coelicolor A3(2) grown on glass beads. (A) Image a shows a young colony composed of only substrate
mycelia. Later on, aerial mycelia started to stand up into the air (b) and elongate (c), coincident with the appearance of pigments. Later, coiled
aerial mycelia started to form septa and spores (d). Images a, b, ¢, and d were taken at 6, 16, 19, and 36 h after transfer to glass beads, respectively.
The magnified image in d shows an aerial mycelium septated to form spores. Panel B shows spores germinating on glass beads after 8 h (e) and
primary network of mycelium formed after 24 h (f). One or two germ tubes coming from the spore were observed (arrows).

color A3(2), S. aureofaciens CCM 3239 (both analyzed as de-
scribed below), S. collinus, and S. granaticolor underwent mor-
phological differentiation and produced pigments when
cultured on our biphasic cultivation system. Before the cells
were transferred onto the surface of glass beads to facilitate
morphological differentiation, the substrate mycelium was cul-
tivated until late exponential phase. A slowdown in growth was
reflected by a decreased rate of incorporation of radiolabeled
methionine into proteins (see Fig. 3 and 5a). Alternatively, the
cultures were started from dormant spores, which were able to
germinate and form primary vegetative hyphae on the surface
of glass beads (Fig. 2B).

The appearance of aerial mycelium on the surface of glass
beads was observable using a binocular magnifier after 7 h in
S. aureofaciens CCM 3239 cultures and after 17 h in S. coeli-
color A3(2) cultures (Table 1). S. coelicolor A3(2) first grew on
the glass bead surface as a dense network of branched and

TABLE 1. Transition points representing differentiation of
S. coelicolor A3(2) and S. aureofaciens CCM 3239 on glass beads

Transition point (h)
Life cycle stage

S. coelicolor A3(2)  S. aureofaciens 3239

Cultivation in liquid medium 48 20
Aerial mycelium formation® 17(= 1) 7(x1)
Pigment appearance” 13 (= 3) ND”?
Spores observed? 30(x1) 36 (x4

“ Measured from the time when the substrate mycelium was transferred onto
the glass bead surface.
> ND, not determined.

interlaced substrate hyphae (Fig. 2a), which later (16 h) dif-
ferentiated into aerial hyphae (Fig. 2b and c). At this time, blue
pigment appeared, later identified as actinorhodin. The tran-
sition from aerial mycelium to spores is shown in Fig. 2c and d
(19 and 36 h). While Fig. 2c represents the time when aerial
hyphae were elongated and erect, Fig. 2d shows the moment
when aerial mycelia were septating to form coiled spore chains.

The fine structure of the aerial mycelium in streptomycetes
was first documented by classical studies by Wildermuth (19)
and more recently related to bacterial apoptosis (15). In those
studies, streptomycetes were grown on agar plates with or
without cellophane. The cultivation system described here of-
fers an alternative for studies of morphological and biochem-
ical differentiation under conditions more similar to those in
nature. The system not only mimics surface dehydration of soil
but also provides mycelial growth and developmental compart-
ments that include deeper regions where mycelia are sub-
merged in liquid medium. This creates environmental-like
conditions for signaling in the population. Methionine incor-
poration into protein increased dramatically after transfer of
the culture to glass beads (Fig. 3), probably reflecting rear-
rangement of metabolism before initiating differentiation.
Times at which aerial mycelium, pigments, and spore were
formed by S. coelicolor A3(2) and S. aureofaciens CCM 3239
are presented in Table 1. We could also demonstrate Strepto-
myces spore germination on glass beads (Fig. 2B), which al-
lowed the use of the cultivation system to monitor transition
periods during the complete cell cycle. The ability to start the
life cycle either from spores or from liquid-grown culture and
easy sampling of cultures at any point of differentiation make
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FIG. 3. [**S]methionine and [**P]phosphate incorporation into to-
tal proteins of S. aureofaciens growing in liquid culture before transfer
onto glass beads (NMP20) and during the course of morphological
differentiation on glass beads (GB) (5 to 36 h). Ten microliters of
10-fold-diluted radioactive samples used for 2D electrophoresis was
spotted onto a nitrocellulose filter and measured in a scintillation
counter.

the system very flexible and useful for studies of gene expres-
sion and regulation.

Detection and analysis of pigmented antibiotics. The erec-
tion of aerial mycelium, the most obvious visual manifestation
of the developmental program, is linked to the biosynthesis of
antibiotics. This step in streptomycete differentiation may in-
volve a cascade of diffusible signaling molecules, which leads to
the formation of aerial mycelium and production of secondary
metabolites (for a review, see reference 12).

We observed production of pigments by a number of Strep-
tomyces strains when they were grown on glass beads, including
pigmented antibiotics made by S. granaticolor and S. coelicolor
A3(2). Analysis of antibiotics produced by streptomycetes
when grown on agar plates requires filtering/extraction proce-
dures (17). With the glass bead cultures, this task is simplified
by either removing the liquid phase containing the metabolites
or using the beads to disintegrate the cells and then extracting
intracellular metabolites from the homogenate. S. coelicolor
A3(2) produced more visible blue pigment on glass beads than
it did in liquid cultures based on the same medium. Extracts
from glass bead and liquid cultures were analyzed on TLC
plates (Fig. 4) and had the characteristic absorption spectra of
actinorhodin (results not shown).

Labeling and two-dimensional electrophoresis analysis of
newly synthesized proteins. The availability of the complete
genome sequences of S. coelicolor A3(2) and S. avermitilis has
stimulated proteomic studies of these and other Streptomyces
strains (2, 10). Proteomic analyses of microorganisms begin
with the labeling of their newly synthesized proteins under
defined physiological conditions, followed by the separation
and visualization of the protein mixture by 2D PAGE. Newly
synthesized proteins are commonly labeled with radiolabeled
amino acids, i.e., L-[>*S]methionine.

For many Streptomyces species, morphological differentia-
tion occurs only on a solid surface. However, labeling of cells
differentiating on standard agar plates is complicated, and col-
lecting mycelia which penetrate agar is difficult and never
quantitative. These problems can be minimized by growing the
cultures on cellophane sheets covering the agar (8). Labeling
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FIG. 4. Thin-layer chromatography of actinorhodins produced by
S. coelicolor A3(2) grown on glass beads (lane 1 and 2) compared with
the same strain grown in the same volume of identical liquid medium
(lane 3). The antibiotic in the lower bands, most probably vy-actin-
orhodin, is present in much higher amounts in the glass bead-grown
samples than in those from the liquid culture.

of colonies growing on the surface of the cellophane is done by
transferring the cellophane sheet to another agar plate con-
taining the radiolabel. However, moving the culture to a fresh
plate inevitably disturbs their metabolism, and the agar or
cellophane might be used as a carbon source by some strains.
Furthermore, mycelia of some species can grow through the
cellophane. The same problems accompany any analyses of
extracellular or intracellular secondary metabolites on agar
plates. Our glass bead-based cultivation conditions (see Mate-
rials and Methods) allowed studies of both morphological and
biochemical differentiation. We were able to identify the newly
synthesized proteins by pulse-labeling with L-[**S]methionine
(Fig. 5) while the cells were undergoing differentiation. Al-
though the gels were not rigorously compared, it was clear that
the liquid-grown culture spot profiles were different from those
undergoing differentiation on glass beads. Similarly, in vivo-
phosphorylated proteins can be analyzed at the same time
points during the course of morphological differentiation (re-
sults not shown). These above-described procedures, coupled
with protein identification by mass spectrometry, could make
this cultivation and labeling system a powerful tool for studies
of functional proteomes in differentiating streptomycetes.
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FIG. 5. Representative two-dimensional electrophoresis autora-
diographs of newly synthesized proteins of S. coelicolor A3(2) pulse-
labeled with [*S]methionine. Mycelia grown on glass beads (b) are
compared with those of the liquid culture inoculum just before being
transferred onto glass beads (a).
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Conclusion. The cultivation system we have developed per-
mits easy manipulation of medium composition (nutrient sup-
plies or additives) during differentiation of Streptromyces. It
should also be possible to exchange conditioned media be-
tween cultures representing different stages of development
and thus analyze the nature and effect of different signal mol-
ecules coordinating morphological and biochemical differenti-
ation. In this way, proteomes induced by different stimuli (cy-
clic AMP, pH, starvation, etc.) or extracellular signaling
molecules excreted by certain mutants of the bald cascade (20)
could be analyzed. Comprehensive analysis of these proteomes
could help elucidate signaling networks controlling streptomy-
cete differentiation.

By taking advantage of the use of glass beads for breaking
the cells by the “bead beater” (11), cultures differentiating on
glass beads might also be used to extract RNA for cDNA
microarrays, Northern blots, reverse transcription-PCR, etc.
Using high-performance liquid chromatography and mass
spectrometry of extracts from the glass bead cultures, the pro-
duction of secondary metabolites during streptomycete devel-
opment could be studied. We believe that the technique could
be further developed to study not only proteomes but also
transcriptomes and metabolomes of streptomycetes in order to
gain insight into the physiology and differentiation of these
interesting bacteria.
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