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Bacteria from the genus Streptomyces are among the most complex of all prokaryotes; not only do they
grow as a complex mycelium, they also differentiate to form aerial hyphae before developing further to
form spore chains. This developmental heterogeneity of streptomycete microcolonies makes studying the
dynamic processes that contribute to growth and development a challenging procedure. As a result, in
order to study the mechanisms that underpin streptomycete growth, we have developed a system for
studying hyphal extension, protein trafficking, and sporulation by time-lapse microscopy. Through the use
of time-lapse microscopy we have demonstrated that Streptomyces coelicolor germ tubes undergo a tempo-
rary arrest in their growth when in close proximity to sibling extension sites. Following germination, in
this system, hyphae extended at a rate of �20 �m h�1, which was not significantly different from the rate
at which the apical ring of the cytokinetic protein FtsZ progressed along extending hyphae through a
spiraling movement. Although we were able to generate movies for streptomycete sporulation, we were
unable to do so for either the erection of aerial hyphae or the early stages of sporulation. Despite this, it
was possible to demonstrate an arrest of aerial hyphal development that we suggest is through the
depolymerization of FtsZ-enhanced green fluorescent protein (GFP). Consequently, the imaging system
reported here provides a system that allows the dynamic movement of GFP-tagged proteins involved in
growth and development of S. coelicolor to be tracked and their role in cytokinesis to be characterized
during the streptomycete life cycle.

Fluorescence microscopy has revolutionized our under-
standing of the bacterial cell and provided new opportunities
to investigate the behavior of cell division proteins and chro-
mosome dynamics in bacteria (25). Central to this research is
the application of time-lapse microscopy to study bacterial cell
division, which has revealed the complexity with which bacteria
coordinate cellular growth and division. For example, the rod-
shaped bacteria Escherichia coli and Bacillus subtilis incorpo-
rate new peptidoglycan into their cell wall along their lateral
walls, while coccoid bacteria such as Staphylococcus aureus do
so at mid-cell (4). Actinobacteria, such as Corynebacterium and
members of the mycelial, antibiotic-producing genus Strepto-
myces, incorporate peptidoglycan at the cell poles (4). In the
case of streptomycetes, this allows them to adopt a hyphal
growth strategy through peptidoglycan incorporation at the
hyphal tip (9). This is ideally suited to the colonization of their
particulate habitat, the soil, through the generation of a my-
celium that permits nutrients to be transported from a nutrient
reservoir to the actively growing tip. As such, streptomycetes
represent a group of organisms that grow in a fashion distinct
from other, better understood bacteria. The knowledge base
associated with morphological and physiological differentiation
in the model organism Streptomyces coelicolor, coupled with

the viability of cell division mutants, means that a greater
understanding of streptomycete growth and sporulation may
provide important clues to understanding bacterial growth in
general (18, 21). Perhaps one reason why an understanding of
streptomycete cell division has lagged behind that for other
bacteria is the technical difficulty associated with imaging this
complex bacterium. To date, microscopic studies of cell divi-
sion in streptomycetes have generated snapshot images of hy-
phae or spores. Such images can give only limited information
on protein and nucleoid movement in space and time, and, as
a result, the exact order of intracellular events during hyphal
growth and sporulation in Streptomyces is still largely obscure
(5, 6). The multinucleate nature of streptomycete hyphae
means that time-lapse microscopy is likely to prove a key tool
in understanding patterns in nucleoid and protein trafficking
during hyphal growth, and although it was used to demonstrate
spatial and temporal localization of cephamycin C biosynthesis
in Streptomyces clavuligerus (11), so far it has not been used to
study growth and development. Perhaps the main reasons for
this are the technical challenges associated with carrying out
time-lapse microscopy of the model organism, S. coelicolor.
These include oxygen dependence, a developmentally hetero-
geneous mycelium, the three-dimensional pattern of hyphal
growth, and an inability to sporulate in the absence of a solid
support. Consequently, we set out to design an imaging system
that could overcome at least some of these technical problems
and support time-lapse microscopy of hyphal growth and
sporulation. In order to do this, we exploited the design fea-
tures of an inverted microscope coupled with rendering of
three-dimensional representations of phase-contrast images
and the availability of oxygen-permeable imaging chambers.
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MATERIALS AND METHODS

Bacterial strains and cultivation conditions. S. coelicolor M145 and S. coeli-
color K113 (a derivative of S. coelicolor M145 containing a second copy of ftsZ
translationally fused to the enhanced green fluorescent protein [EGFP] gene [7];
generously supplied by Klas Flärdh, Lund University, Sweden) were grown on
MS agar and supplemented with apramycin (100 �g ml�1) when necessary at
30°C (16). For time-lapse microscopy, minimal agar (16) containing 5% (wt/vol)
mannitol (3MA) or tap water agar (1% [wt/vol]) was used as circumstances
required. For time-lapse microscopy of germination or growth of substrate hy-
phae, spores were germinated on 0.5-cm2 sterile cellophane squares, placed on
3MA, and incubated at 30°C. Cellophane was removed after appropriate time
intervals and transferred to imaging chambers. Time-lapse microscopy of sporu-
lation was carried out by placing cellophane squares on sterile coverslips and
inserting the coverslip into 3MA at an acute angle before inoculation with
around 1 � 107 S. coelicolor spores (26). After 36 h, the cellophane was peeled
away from the coverslip and transferred to imaging chambers.

Imaging chambers. Cellophane squares were placed, hyphal side down, in
uncoated �-dishes (Ibidi GmbH, Munich, Germany), and a plug of agar cut with
a number 4 cork borer was placed on top of the cellophane. 3MA was used for
germination or hyphal growth, and water agar was used for sporulation (Fig. 1).
The microscope stage was heated to 30°C using an Ibidi heating system with a
heated lid (Ibidi GmbH, Munich, Germany). In order to minimize focal drift, the
microscope stage and imaging chamber were allowed to equilibrate for 60 min
with respect to temperature before imaging commenced.

Fluorescence microscopy. Samples were studied using a Nikon TE2000S in-
verted microscope and observed with a CFI Plan Fluor DLL-100X oil N.A. 1.3
objective lens, and images were captured using a Hamamatsu Orca-285 Firewire
digital charge-coupled device camera. Captured images were processed using
IPlabs 3.7 image processing software (BD Biosciences Bioimaging, Rockville,
MD). Briefly, 0.5-�m Z sections of both phase-contrast and fluorescent images
were captured at 15-min intervals and used to render three-dimensional images.
FtsZ-EGFP in S. coelicolor K113 was visualized with a fluorescein isothiocyanate
filter set at an exposure time of 100 ms. Measurements of hyphal growth and
Z-ring movement were made using IPlabs 3.7 image processing software and
analyzed statistically using Microsoft Excel 2003; equality of variance between
data sets was first determined using F tests and then subjected to the appropriate
Student t test depending on the outcome of the F test. Multiple data sets were
analyzed by analysis of variance. Where appropriate, means are supplemented by
standard deviations in parentheses.

RESULTS

Germination of S. coelicolor M145 is heterogeneous and dis-
plays apical dominance. Although S. coelicolor is able to sur-
vive in the absence of oxygen for long periods of time (28),
despite several attempts to grow S. coelicolor on agar sand-
wiched between glass coverslips and slides using a variety of
imaging chambers, we were unable to do so. Presumably this
was due to poor oxygen availability. As a result, we took ad-

vantage of the oxygen permeability and optically high quality of
the plastic used in �-dish manufacture in order to carry out
time-lapse microscopy of hyphal growth. Spores of S. coelicolor
M145 were inoculated onto a cellophane disk on 3MA, allowed
to air dry for 30 min at 30°C, transferred to the imaging cham-
ber (Fig. 1), and allowed to equilibrate for 1 hour before
initiation of time-lapse microscopy. We analyzed the develop-
ment of 90 spores individually. A total of 85% of spores
swelled and became phase dark prior to germ tube emergence;
this is characteristic of spore germination before germ tube
emergence (27). A total of 15% of spores did not germinate, at
least until hyphal growth made observation of individual
spores difficult. It was impossible to describe accurately the
germination pattern of 26% of the spores because of the dif-
ficulty of attributing individual hyphae to a parental spore due
to spore clumping and hyphal overgrowth. However, we were
able to track and describe the germination and early branching
behavior of the remaining spores (59%). Emergence of a pri-
mary germ tube occurred between 2.25 and 6 h after initiation
of imaging (3.75 and 7.5 h, respectively, after the original
plating out), and 63.3% of spores produced one hypha and
36.7% produced two hyphae (Table 1). No spores that pro-
duced more than two hyphae were observed, in contrast to the
results of Noens et al. (24), who observed as many as four germ
tubes per spore.

Two classes of microcolonies developed in those spores that
produced one germ tube: when a branch emerged from the
primary germ tube, 7 (14.3%) primary germ tubes ceased
growth for an average of 3.1 (�2.16) hours (Fig. 2A; see Movie
S2A in the supplemental material), while the remaining 20
(49%) primary germ tubes showed no growth cessation (Fig.
2C; see Movie S2C in the supplemental material). Where
growth of the primary germ tube was arrested, it was apparent
that, following branch emergence, the branching occurred rel-
atively soon after germination. Germ tubes that displayed
growth arrest did so when a branch emerged on average 2.7

TABLE 1. Heterogeneity of S. coelicolor microcolonies
following germination

Germination
classa

No. of
hyphae

emerging
from each

spore

Growth
arrest of
primary
hypha

% of
germinations

e2 � e1
b

(h)
e1 arrestc

(h)

A 1 Yes 14.3 2.7 (1.45) 3.1 (2.16)
C 1 No 49.0 5.7 (1.62)
B 2 Yes 20.4 1.4 (1.46) 4.9 (2.44)
D 2 No 16.3 3.5 (2.23)

a Germination of a random selection of spores was observed by time-lapse
microscopy, and four classes of spore germinations were observed: one or two
hyphae, with or without growth arrest.

b Time difference between emergence of primary hypha at time e1 from a
spore and appearance of a second extension site at time e2; the latter was the first
hyphal branch (class A or C) or the emergence of a second hypha from the spore
(class B or D). e2 � e1 values were compared statistically by the Student t test
with respect to arrested (class A) and non arrested spores (class C) with one
germ tube (P � 1 � 10�4), arrested (class B) and non arrested (class D) spores
with two germ tubes (P � 0.013), arrested spores with one (class A) or two (class
B) germ tubes (P � 0.048), and nonarrested germ tubes with one (class C) or two
(class D) spores (P � 0.004). All four comparisons showed significant differences
between the two populations in each individual test. Standard deviations are
shown in parentheses.

c Time between cessation of growth of primary hypha and subsequent restart
of growth. Standard deviations are shown in parentheses.

FIG. 1. Imaging chamber for capturing streptomycete growth on
solid medium. Spores were germinated for an appropriate length of
time on cellophane disks on agar before being inverted and transferred
to the �-dish imaging chamber. Subsequently, a cylinder of 3MA was
applied to the cellophane dish and the imaging chamber transferred to
the incubation chamber set to 30°C and allowed to equilibrate for 1
hour before commencement of imaging.
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(�1.45) hours after germination, when the mean primary germ
tube length was 2.3 �m, and these were termed class A ger-
minations (Fig. 2A; see Movie S2A in the supplemental mate-
rial). When no growth arrest was observed, the first branch
emerged on average 5.7 (�1.62) hours after germination, when
the mean primary germ tube length was 5.1 �m; these were
termed class C germinations (Fig. 2C; see Movie S2C in the
supplemental material). The time interval (e2 � e1) between
the emergence of the first (germination) and the second
(branch) growing tip was significantly longer in class C germi-
nations than in class A germinations (Table 1).

Two classes of hyphal morphology were also generated from
those spores that produced two germ tubes; 10 (20.4%) pri-
mary germ tubes ceased growth for an average of 4.9 (�2.44)
hours following the emergence of a second germ tube from the
same spore (Fig. 2B; see Movie S2B in the supplemental ma-
terial). Meanwhile another eight primary germ tubes (16.3%)
showed no growth arrest (Fig. 2D; see Movie S2D in the
supplemental material). As was the case with branching in class
A germinations, it was apparent that where growth of a pri-
mary germ tube was arrested following the emergence of a

second germ tube, the latter occurred relatively soon after the
primary germination. Primary germ tubes that displayed
growth arrest did so when a second tube emerged on average
1.4 (�1.46) hours after germination; these were termed class B
germinations (Fig. 2B; see Movie S2B in the supplemental
material). Occasionally, two germ tubes emerged simulta-
neously from a spore; one always ceased growth for a period of
time (Fig. 2B; see Movie S2A in the supplemental material).
When no growth arrest was observed, the secondary germ tube
emerged on average 3.5 (�2.23) h after emergence of the
primary germ tube; these were termed class D germinations
(Fig. 2D; see Movie S2D in the supplemental material). The
time interval (e2 � e1) between the emergence of the first and
the second growing tip was significantly longer in class D ger-
minations than in class B germinations (Table 1), although the
length of arrest caused by branching (class A) or appearance of
a second germ tube (class B) was not significantly different
(Table 1). However, the time intervals between emergence of
a primary and a secondary growth site were significantly longer
when the second extending tip was derived from a branch
(class A or C) rather than a germ tube (class B or D), irre-

FIG. 2. Heterogeneity of S. coelicolor microcolonies following germination. Numbers represent minutes after initiation of time-lapse micros-
copy (see Movies S2A, S2B, S2C, and S2D in the supplemental material). Horizontal white bars represent 10 �m. The four observed classes of
S. coelicolor germination are displayed. (A) Class A germination, showing emergence of the primary hypha (1), growth arrest of the primary hypha
(2) following branch emergence (3), and growth restoration of the primary hypha (4). (B) Class B germination, showing two hyphae emerging from
the spore (1 and 2), growth arrest by one hypha (3), and growth restoration of the arrested hypha (4). (C) Class C germination, showing hyphal
emergence (1) and branch appearance (2) (no growth arrest of the primary hypha). (D) Class D germination, showing emergence of the primary
hypha (1) and emergence of the secondary hypha (2) from the spore (no growth arrest of the primary hypha).
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spective of whether growth was arrested or not (Table 1). The
timing of the initial germination had no effect either on the
appearance of a second germ tube or on whether the primary
germ tube underwent growth arrest (data not shown). Conse-
quently, in a young S. coelicolor microcolony, and irrespective
of whether one or two germ tubes emerge from a spore, if two
young hyphal tips are located close to each other, one is able to
exert an apical dominance over the other and arrest the latter’s
growth for a period of time.

FtsZ follows the extending hyphal tip and is not required for
branching. S. coelicolor K113 spores failed to germinate when
illuminated with light of a wavelength of 492 nm, which was
necessary to excite EGFP. Despite this, we were able to visu-
alize the movement of FtsZ-EGFP in substrate hyphae. K113
spores were inoculated onto 3MA as described previously and
incubated overnight at 30°C. The next day, the cellophane
square was transferred to an imaging chamber (Fig. 1), the tips
of the radially extending mycelium identified by phase-contrast
microscopy, and images captured as described above. This
allowed us to visualize FtsZ-EGFP ring progression in growing
substrate hyphae. Ten individual hyphae were observed with
respect to their patterns of branching and Z-ring formation
(see Movie S3 in the supplemental material). Hyphae grew
across the field at an average tip extension rate of 19.58
(�2.67) �m h�1, and branches formed on average 10.94
(�2.85) �m behind the hyphal tip. The average distance be-
tween branches was 7.63 (� 6.68) �m; this relatively large

standard deviation associated with branch-to-branch distances
suggests that S. coelicolor shows great variability in branch
placement with respect to the location of other branches.
These values were in broad agreement with those of Allan and
Prosser (1). However, the relatively low standard deviation
associated with the tip-to-branch distance suggests that branch
placement is tightly linked to the distance from the hyphal tip.
Taken together, the differences in the standard deviations of
the tip-to-branch and branch-to-branch distances suggest that
although S. coelicolor did not branch every time the tip-to-
branch distance reached 10.94 �m, when it did so, the branch
was placed close to 10.94 �m from the hyphal tip. A cessation
of growth was seen in 82 (73.2%) branches that emerged from
the 10 primary hyphae examined, while the remaining 30
branches (26.8%) displayed no growth arrest. It was apparent
that when growth arrest occurred, the branch emerged in close
proximity to a neighboring hypha (see Movie S3 in the supple-
mental material). In those branches where the tip displayed
growth arrest, the tip-to-branch distance was significantly
longer (P � 0.02), at 11.29 (�2.76) �m, than in those that
displayed no growth arrest (10.06 [�2.93] �m). Rings of FtsZ-
EGFP appeared at discrete locations after branching on aver-
age 56.06 (�16.96) �m behind the hyphal tip (Fig. 3A; see
Movies S3 and S3A in the supplemental material) and presum-
ably went on to initiate the formation of septa. Z rings formed
on average 20.1 (�10.37) �m apart, and by measuring the
distance between the apical and subapical Z rings and relating

FIG. 3. Localization of FtsZ rings in growing S. coelicolor K113 substrate hyphae. Spores were germinated overnight before being transferred
to an imaging chamber and allowed to equilibrate for 1 hour before commencement of imaging. The mosaic images are composed of images taken
at 30-min intervals, while images taken at 15-min intervals are shown in Movies S3, S3A, S3B, and S3C in the supplemental material. Horizontal
white bars represent 2 �m. (A) Hyphal branching and progression of FtsZ rings (1 to 6) toward the growing hyphal tip; it is not clear if FtsZ ring
6 is located in the primary hypha or a parallel hypha. (B) Progression (2 to 7) and division of an FtsZ ring (3) at a hyphal branch (1). (C) Extended
FtsZ spiral (2) as FtsZ rings progress toward the hyphal tip (1 to 3).
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this to the time difference between their appearances, we were
able to calculate the rate of progression of the apical Z ring as
17.11 (�8.45) �m h�1. Although rate of Z ring progression
showed more variation than the rate of hyphal tip of extension
(coefficients of variation were 51.6% and 13.6%, respectively),
there was no significant difference between the two rates,
which suggests either a direct or indirect association between
Z-ring progression and peptidoglycan incorporation at the hy-
phal tip.

This reinforces the genetic evidence that FtsZ is not re-
quired for tip extension or branching in S. coelicolor (26), and
although Z rings formed at some hyphal branch points (Fig.
3B; see Movies S3 and S3B in the supplemental material), this
was not the case with many branches. Following the formation
of a discrete Z ring, there was a transient increase in brightness
of the ring (Fig. 3A; see Movies S3 and S3A in the supplemen-
tal material). The reason for this is unclear; perhaps it is due to
movement of the ring out of the plane of the perpendicular,
although a transient expansion of a compacted Z-ring spiral to
produce apparent higher levels of fluorescence seems a more
likely explanation. Z rings remained visible at the same loca-
tion throughout the course of our observations, although many
eventually faded to some degree. Occasionally, FtsZ spirals
were seen (Fig. 3C; see Movies S3 and S3C in the supplemental
material) and also moved toward the hyphal tip. Clearly the
visible spiral displayed in Fig. 3C and in Movie S3C in the
supplemental material moved much more slowly than Z-ring
progression, and it took around 2 hours for the spiral to move
through a 4-�m section of hyphae, before coalescing to form a
discrete ring. The reason for this is not clear; although many
other faintly fluorescing FtsZ spirals were observed distal to
the apical Z ring (see Movie S3 in the supplemental material),
suggesting that the progression of FtsZ behind the hyphal tip
proceeds in a spiral manner.

Rehydration of aerial hyphae causes FtsZ-EGFP ring dis-
assembly. S. coelicolor K113 was used to image the movement
of Z rings by time-lapse microscopy in order to study the
positioning and movement of FtsZ-EGFP in aerial hyphae.
Coverslip-cellophane-grown cultures of S. coelicolor K113 were
transferred to an imaging chamber, and aerial hyphae were
identified by phase-contrast microscopy and subjected to time-
lapse microscopy at 15-min intervals. In the absence of an agar
plug, no further hyphal growth or development of aerial hy-
phae was seen, presumably due to hyphal dehydration or pho-
totoxicity (data not shown). In order to maintain viability of
aerial hyphae, it was necessary to apply a plug of tap water agar
(Fig. 1). Despite this, the presence of tap water agar blocked
the development of young aerial hyphae into spore chains and
stimulated growth of substrate hyphae; we believe that the
former was due to the premature disassembly of FtsZ-EGFP
(Fig. 4; see Movie S4 in the supplemental material). If this is
true, then it suggests that aerial hyphae have a means of sens-
ing conditions inappropriate for sporulation and prevent its
completion, either directly or indirectly, through the depoly-
merization of FtsZ-EGFP spirals. In older S. coelicolor K113
aerial hyphae, where there were no visible FtsZ-EGFP rings,
presumably because they had already disassembled and initi-
ated the laying down of divisional septa, is was possible for
those aerial hyphae to complete the sporulation process and
germinate (Fig. 5; see Movie S5 in the supplemental material).

Septation, indicated by the regular invaginations, occurred si-
multaneously along the nascent spore chain proceeding
through to the generation of mature spores that were subse-
quently able to undergo germination (Fig. 5; see Movie S5 in
the supplemental material).

DISCUSSION

Time-lapse microscopy of S. coelicolor presents many chal-
lenges through its oxygen dependence, focal depth, mycelial
heterogeneity, and agar-dependent sporulation. We have de-
veloped an imaging system allowing tracking of individual hy-
phae and proteins in conjunction with GFP that has overcome
most of these difficulties through the use of an inverted micro-
scope and agar plugs to flatten the mycelium as well as the
provision of nutrients (13). Cellophane prevents hyphae from
penetrating the agar plug and maintains the hyphae within a
relatively narrow focal range, while the use of a motorized
focus drive and the generation of Z sections means that phase-
contrast images can be rendered in three dimensions to over-
come the large focal depth required to image a mycelium.
Finally, Ibidi �-dishes allow the provision of oxygen to the
mycelium.

In response to environmental and nutritional signals, S.

FIG. 4. Disassembly of FtsZ rings in aerial hyphae. Aerial hyphae
of S. coelicolor K113 were grown on cellophane-covered coverslips for
36 h and transferred to imaging chambers. The mosaic image is com-
posed of images taken at 30-min intervals, while Movie S4 in the
supplemental material is composed of images taken at 15-min inter-
vals. The horizontal white bar represents 10 �m. A hyphal tip activated
for growth by transfer of the mycelium to the imaging chamber is
labeled (1).
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coelicolor spores germinate following an initial increase in
spore volume and differentiation of spore walls into an outer
layer and an inner layer (14). The outer layer ruptures at the
point(s) of germ tube emergence, while the inner layer forms
the hyphal wall (27). The germ tube emerges to form an apical
cell that grows by elongation through peptidoglycan synthesis,
primarily at the hyphal tip (4, 6) but also to a lesser extent in
subapical regions (9, 22), and is thought to be driven by hy-
drostatic pressure (23). The work reported here shows that if a
second extension site develops close to the first, one of the
extension sites is arrested for a period of time irrespective of
whether the spore produces one or two germ tubes. The mech-
anism by which this arrest is achieved is not known; perhaps
hyphal extension requires the presence of a nucleoid close to
the tip and, as such, it is necessary for chromosome replication
to take place before both tips possess an associated nucleoid
and subsequently extend. Either chromosome replication or

partitioning is associated with the earliest events of spore ger-
mination (12). Miguélez et al., (23) showed that in the pres-
ence of the peptidoglycan synthesis inhibitor vancomycin,
DNA synthesis was arrested following the current round of
replication, which suggests a close relationship between cell
wall synthesis and chromosome replication. Even though Yang
and Losick (30) were unable to find any evidence that DNA
replication activity is concentrated at the apex, it seems likely
that chromosome replication and segregation are linked with
peptidoglycan incorporation, although the mechanisms by
which this is achieved are unknown. The germinating spores of
some Streptomyces species produce germination inhibitors (10)
in order to inhibit extension of sibling germ tubes. It is thought
that this provides a mechanism by which mass spore germina-
tion is prevented in order that potentially lethal mistakes in
germination decisions are limited. S. coelicolor spores contain
endogenous sources of nutrients such as trehalose (19, 20), and

FIG. 5. Sporulation of S. coelicolor K113 aerial hyphae. Aerial hyphae of S. coelicolor K113 were grown on cellophane-covered coverslips for
36 h and transferred to imaging chambers. The mosaic image is composed of images taken at 30-min intervals while Movie S5 in the supplemental
material is composed of images taken at 15-min intervals. The horizontal white bar represents 10 �m. White arrows show appearance of regular
invaginations in the hyphal wall, characteristic of a forming spore chain. Black arrows show germinating spores.
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it may be that growth arrest is a manifestation of a switch by
the extending tip from an endogenous to an exogenous energy
source or even a redeployment of nutrient resources within the
microcolony. We were unable to generate movies of FtsZ-
EGFP during germination, which is perhaps due to the inhib-
itory effects of light during spore germination seen in some
streptomycete species (15). Following germination, hyphal ex-
tension occurred at a rate of �20 �m h�1 and FtsZ-EGFP
rings were laid down �56 �m behind the growing tip. Strepto-
myces granaticolor lays down septa 28 �m from the hyphal tip
(17), and as septum formation is dependent on the initial
formation of a ring of FtsZ (26), it appears that either there is
some variability in the frequency of septum formation between
these two species or cultivation conditions affect septal fre-
quency. It was thought that the subapical daughter compart-
ment created a new extension site through branching (14) and
this new apical cell was eventually partitioned from the sub-
apical cell by a new septum. However, the movies presented
here clearly show that branching occurs before rings of FtsZ-
EGFP are laid down and septa form. While some branches do
form FtsZ-EGFP rings at their bases, many do not. It may be
that septa form at the bases of hyphal branches independently
of FtsZ, but the movies presented here indicate that there is
cytoplasmic continuity between many primary hyphae and
their branches. Snapshot images of substrate hyphae stained
with vancomycin-FL or FM4-64 show that many branches do
not possess a septum at their base (data not shown). FtsZ-
EGFP follows the extending hyphal tip at approximately the
same speed (�20 �m h�1 in this system), which suggests that
there is some form of association between the protein and
extension site. Previous workers have shown that ftsZ mutants
of S. coelicolor, although unable to sporulate, are able to sup-
port the growth and branching of substrate hyphae (7, 8, 21,
26). Both growth and branching of substrate hyphae occur
before visible FtsZ-EGFP rings form, and it seems likely that
the role of FtsZ in S. coelicolor substrate hyphae is to mark
sites for septation. Perhaps the role of septa is to prevent
cytoplasmic leakage in the event of a breach of the hyphal walls
following a trauma such as phage lysis.

Although some streptomycetes can sporulate in liquid cul-
ture (14), the knowledge infrastructure available for S. coeli-
color means that an imaging system capable of producing mov-
ies is essential for understanding the cell biology of this model
organism. The system described here provides a means to do
this to some degree. We were unable to image the erection of
aerial hyphae and expect this to remain a recalcitrant problem
due to repressive effects of the agar plug on the formation of
aerial hyphae and the stimulatory effect on substrate hyphae
following the transfer of coverslip-grown cultures to imaging
chambers. Presumably the nutrients that supported growth of
substrate hyphae in tap water agar came from action of the
Dag protein that allows S. coelicolor to use agar as a nutrient
source (2). Breaking of the surface tension by the action of
SapB (29) is required for the erection of aerial hyphae by S.
coelicolor, and it is not known whether aerial hyphae can be
formed when they are trapped within the liquid phase; we have
been unable to observe this. We believe that, as it was possible
to image hyphae by phase-contrast microscopy, liquid from the
agar plug permeated the cellophane and trapped any emerging
aerial hyphae in the liquid phase. This prevented their further

development and suggests that the ability of S. coelicolor to
complete sporulation was dependent on the absence of hydra-
tion; if visible FtsZ-EGFP rings were seen in an aerial hypha at
the time of their transfer to imaging chambers, hyphal matu-
ration was blocked and FtsZ-EGFP rings disassembled (Fig. 4;
see Movie S4 in the supplemental material). The simplest
explanation for this is that aerial hyphae sense transfer from an
aerial to a hydrated environment and signal FtsZ ring disas-
sembly and developmental arrest. It is tempting to suggest that
sensing of aerial growth may be through the sky pathway (3),
where it is proposed that a signal molecule accumulates in the
aerial hyphal wall and binds a sensor so that it can no longer
diffuse into the medium and stimulates the expression of rodlin
and chaplin genes. Perhaps, when aerial hyphae are trans-
ferred to an aqueous environment, diffusion of the signaling
molecule not only prevents stimulation of rdl and chp expres-
sion, but also signals FtsZ ring disassembly. Despite this, in
older hyphae, sporulation was able to proceed at least to the
point where discrete, visible spores were visible (Fig. 5; see
Movie S5 in the supplemental material), indicating the exis-
tence of point of no return beyond which sporulation cannot be
blocked. Septation occurred simultaneously along the nascent
spore chain, proceeding through to the generation of mature
spores that were subsequently able to undergo germination
(Fig. 5; see Movie S5 in the supplemental material). Under-
standing of this hyphal aging process, coupled with identifica-
tion of the proteins that facilitate it, is essential to understand-
ing the sequence of events during sporulation. In order to
increase our understanding of the complex processes that un-
derpin development of this complex bacterium, we will go on
to refine this imaging system in order to “close the circle” with
the aim of studying growth and protein trafficking during all
stages of the S. coelicolor life cycle.
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