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Imaging of low abundance proteins in time and space by fluorescence microscopy is typically hampered by host-cell
autofluorescence. Streptomycetes are an important model system for the study of bacterial development, and undergo
multiple synchronous cell division during the sporulation stage. To analyse this phenomenon in detail, fluorescence
microscopy, and in particular also the recently published novel live imaging techniques, require optimal signal to noise
ratios. Here we describe the development of a novel derivative of Streptomyces coelicolor A3(2) with strongly reduced
autofluorescence, allowing the imaging of fluorescently labelled proteins at significantly higher resolution. The enhanced
image detail provided novel localization information for the cell division protein FtsZ, demonstrating a new developmental
stage where multiple FtsZ foci accumulate at the septal plane. This suggests that multiple foci are sequentially produced,
ultimately connecting to form the complete Z ring. The enhanced imaging properties are an important step forward for the
confocal and live imaging of less abundant proteins and for the use of lower intensity fluorophores in streptomycetes.
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Introduction

The discovery and cloning of the gfp gene of Aequorea victoria [1,2]
and the subsequent creation of many coloured derivatives [3] have
provided cell biologists with a set of powerful tools to analyze the
expression and localization in time and space of proteins of interest
in almost all organisms and research fields [4]. Widely applied
techniques study the localization [5,6], order of appearance [7,8],
dynamic properties [9-11] and interaction partners of the proteins
of interest [12,13]. Localization studies through time and space of
bacterial cell division proteins have created significant insight into
the underlying mechanism [14,15]. Disturbingly, autofluorescence
of the organism studied severely limits the application of
fluorescent imaging, especially when using low abundant proteins
or weaker fluorophores (such as RFP or CFP). Fluorescence
imaging benefits from optimized signal to noise ratios, and
background fluorescence and other noise frustrate the study of low
abundant proteins at natural expression levels.

Streptomyces coelicolor 1s a Gram-positive soil bacterium with an
unusually complex mycelial life cycle. Streptomyces growth on solid
media starts with the germination of a single spore that develops
into a complex vegetative mycelium of branching hyphae [16].
Environmental signals such as nutrient depletion result in the
development of initially aseptate aerial hyphae while part of the
vegetative mycelium lyses [17-19]. Eventually, the aerial hyphae
are dissected into spores by specialized sporulation septa,
producing chains of connected uninucleoid spores [20]. While in
most bacteria a single septum is formed that forms the cleavage
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furrow dividing the mother cell into the daughter cells, during
sporulation of Streplomyces many septa are simultaneously produced
to form long chains of spores [21,22]. Several novel protein
families have been uncovered that play a role in the control of
septum formation, the localization of which is studied by advanced
fluorescence microscopy [23-26]. Relatively high background
fluorescence in addition to the fact that several of the
developmentally essential proteins are expressed at a low level
makes fluorescence microscopic analysis of such proteins difficult
to perform. Since altering the expression level of target proteins
generally is not an option, we created a bacterial strain with
reduced autofluorescence, and wused this to provide novel
information on the mechanism of sporulation-specific cell division
in the important model organism Streptomyces coelicolor A3(2).

Results and Discussion

By streaking single colonies of S. coelicolor M 145 on SFM (soy
flour mannitol) agar plates [27] and subsequently selecting colonies
with the lowest level of autofluorescence, we obtained several
strains with reduced autofluorescence. These were passed through
an initial characterization of growth rate and morphogenesis.
Derivatives with wild-type appearance were then selected. One
strain, designated FM145, was selected for intensive further
scrutiny. FM145 displayed about threefold decrease (2.9%0.3
based on at least 100 hyphae) in autofluorescence in the green
channel (Figure la) and more than fivefold (6.9%1.3) in the red
channel (Figure 1b).
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Figure 1. Autofluorescence of S. coelicolor M145 and FM145. Green autofluorescence (top two rows; 470-490 nm excitation and 515 long
pass detection) and red autofluorescence (bottom two rows; 530-550 nm excitation and 590 long pass detection) in S. coelicolor FM145 (1** column)
and its parent M145 (3™ column). Corresponding light images are presented in the 2" and 4™ columns, respectively. Exposure times are shown on

the left side of the image. Autofluorescence is clearly reduced in FM145.

doi:10.1371/journal.pone.0004242.g001

The new derivative FM145 was compared extensively to its
parent S. coelicolor M145 to rule out defects in growth or
morphogenesis. Initial tests, comparing phenotypes on plates and
by stereo and phase-contrast microscopy, revealed no differences
between these strains. Both strains grew with similar growth rates
and the development of aerial hyphae, grey-pigmented spores and
the production of pigmented antibiotics was initiated at the same
time (data not shown). There was no statistically relevant
difference in the branching frequencies (once per 8.9%£0.9 um
for FM 145 and once per 7.6%0.7 um for M145) or in the average
spore chain lengths (263 spores for FM145 and 28*2 spores for
M145). For a more detailed analysis and considering its use in
fluorescence microscopy, FM145 and its parent M145 were
analyzed using three different stains. FITC-labelled wheat germ
agglutinin (FITC-WGA) was used to visualize newly synthesized
peptidoglycan and in particular the septa; propidium iodide (PI)
was used to visualize DNA and cell viability was imaged by
staining with a combination of Cyto 82 and PI dyes [28]. For all
stains we obtained significantly better signal to noise ratios for
FM145 than for M 145, but no relevant biological differences were
observed between the strains. FITC-WGA staining showed that
the spacing between the septa in vegetative hyphae (Figure 2a,c)
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and between the sporulation septa in sporogenic aerial hyphae
(Figure 2b,d) was very similar, while propidium iodide (PI) staining
showed that all spores contained similar amounts of DNA
(Figure 2e.f). The use of a combination of Cyto 82 as viable cell
stain (green) and PI for identification of damaged or dying cells
(red), again demonstrated a very similar pattern of lysing cells and
viable cells in vegetative hyphae of M145 and FMI145, again
illustrating the wild-type growth behaviour of FM 145 (Figure 2i-j).

To analyze the possible improvement in detail and strength of
the localization signals (z.e. foci) we transformed both strains with a
construct expressing a translational fusion of I'tsZ and eGFP
behind the wild type FtsZ promoter, making use of the pKI41
vector described previously [5]. Both images were background-
corrected with an exposure time of one second. This clearly
demonstrated the improved signal to noise ratio of FM145
(Figure 3a,c) over its parent M145 (Figure 3b,d), with major
reduction in autofluorescence in the new derivative. Ladders of Z
rings were clearly visible in both strains. As described previously
[5] several localization patterns are observed in the aerial hyphae.
Initially a dispersed pattern in sporogenic aerial hyphae marking
the earliest stages of differentiation, followed by patches and
filaments of irregular lengths (Figure 3a—b), finally culminating in
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Figure 2. S. coelicolor FM145 has a wild-type phenotype.
Fluorescence micrographs of S. coelicolor FM145 (a-b, e, g, and i) and
M145 (c—d, f, h, j), grown against microscope cover slips on SFM agar
plates for 64 hr. Samples were stained with FITC-WGA (a-d), with
propidium iodide (red; e-f) or with a mixture of Cyto 82 (green) and
propidium lodide (g-j). The images present vegetative hyphae with
cross-walls (a, ¢; signal to noise is 3.2:1 and 1.4:1, respectively),
sporogenic aerial hyphae with ladders of septa (b, d; signal to noise
ratio of 2.5:1 and 1.9:1 respectively), or spore chains (e-h) and
vegetative hyphae (i-j) None of these comparisons revealed significant
phenotypic differences between FM145 and its parent. Signal to noise
ratios could not be determined for 1e-j as staining of the entire hyphae
prevented determination of background fluorescence. The exposure
times were 1 second (2a-d) or 200 ms (2e—j).
doi:10.1371/journal.pone.0004242.9g002

the typical ladder-like pattern corresponding to the future septa.
Interestingly, the reduced autofluorescence allowed visualization

of an additional fourth pattern corresponding to a new stage of

FtsZ localization that could not be identified before due to the
lower resolution; this stage occurred prior to completion of the Z
rings, with differential distribution of FtsZ over the individual
septa observed as multiple foci (Figure 3c and e). This pattern was
observed just before the final ladders appeared and apparently
highlights a transition phase between regular spaced FtsZ foci to
complete Z rings.

To confirm this additional localization pattern of FtsZ,
deconvolution studies were performed on the fluorescence
intensity plots of a number of individual septa. These studies
revealed that several fluorescence-intensity patterns are in fact
built up of multiple foci, although the foci on a single septum
cannot be visually distinguished in M145. All septa shown in
Figures 3c and 3d have been analysed and the deconvolved
intensity profiles show that the FtsZ fluorescence in most septa at
this stage actually are composed of three distinct foci (Figure 4),
not only in FM145 but also in M145. Additionally we have
analysed the fluorescence-intensity patterns in 40 randomly
selected sporulation septa of a strain co-expressing SsgA-GIP
and FtsZ-mCherry. In this experiment SsgA is used as a control for
the deconvolution studies; SsgA forms multiple foci in sporulating
aerial hyphae but with a localization pattern that is distinct from
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Figure 3. Localization of FtsZ-eGFP. The localization of FtsZ-eGFP
in FM145 (a,c,e) and M145 (b,d,f) was analysed in sporogenic aerial
hyphae. For illustration purposes, identical single-pass background
correction was performed for both images. Localization in foci (a-b)
slowly changes to a combination of foci and completed Z rings (c-d),
the arrows here indicate the deconvoluted septa shown in figure 4. A
close up of FtsZ distribution on a single septum shows three foci in
FM145 (e) whereas no clear foci are distinguishable in the parental
strain M145 (f). All images were made with 1 second exposure time.
Note the strongly reduced background (3a) and the much sharper foci
(3¢,e) in FM145 as compared to its parent M145 (images 3b and 3d, f,
respectively).

doi:10.1371/journal.pone.0004242.g003

that of FtsZ, lacking the typical ladder-like fluorescence pattern
[26]. FtsZ localised as two foci, three foci or as a continuous ring
(i.e. more than three foci). In contrast, analysing the SsgA
localization patterns in the same images revealed localization into
one, two or three foci at the septal planes, but not as a ring. These
experiments demonstrate that the lack of single foci and the
presence of complete rings were characteristic of FtsZ localization.
According to Abbe’s resolution limit the maximum resolution for
light microscopy is defined by the excitation wavelength and the
numerical aperture of the objective used. For these studies the
resolution is therefore limited to around 250 nm. Therefore the
visualization of three foci on a septum is the theoretical maximum
dictated by the width of the hyphae (around 800 nm) and the
resolution limit. Based on the demonstrated multi-focal stage we
propose that Z-ring assembly on the septum is a step-wise process,
where FtsZ foci are sequentially formed at the septal plane,
eventually forming the complete Z ring, rather than that the Z ring
is produced from two gradually expanding spots. Recently
developed resolution-breaking microscopy techniques [29,30]
can help determine whether there are indeed subsequent stages
of Z-ring assembly. This is a clear example of the type of
additional information that may be obtained when using a strain
with reduced background fluorescence, thus revealing novel
biological data.

The nature of the reduction of autofluorescence in FM 145 is yet
unknown. However, as shown above, the comparison with the
parent did not reveal significant changes in the morphological
development of this new strain. Repetitive non-selective streaking
of FM145 readily results in strains with increased autofluores-
cence, indicating that the change in FM145 is most likely due to
the reduced synthesis of a fluorescent compound rather than to a
disruptive mutation (not shown).

In conclusion, our experiments demonstrate that the new
derivative FM145 has significantly reduced autofluorescence, but
1s otherwise highly similar to its parent S. coelicolor M145. From the
biological perspective, the differences in signal intensities allowed
us to demonstrate differential localization of FtsZ-eGFP at the
septa in the later stages of development of sporogenic hyphae of .
coelicolor. From the technical point of view, the improved detail
allows better imaging of weaker signals. Complementation studies
are required to identify the molecular basis of the autofluores-
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Figure 4. Deconvolution of FtsZ fluorescence. Images show the fluorescence-intensity patterns and their deconvoluted single foci indicated by
the arrows in Figure 3cd. Order of images: graphs from top to bottom correspond to images from left to right. Left column, FM145 (corresponding to
the septa in Figure 3c); right column, M145 (corresponding to the septa in Figure 3d).

doi:10.1371/journal.pone.0004242.9g004

cence, which would allow the targeted reduction of autofluores-
cence in other micro-organisms. The availability of a strain with
reduced autofluorescence and an otherwise wild-type phenotype
offers new possibilities for live-imaging techniques [25] and for
fluorescence microscopic studies on less abundant proteins in the
important model organism Streptomyces.

Materials and Methods

Growth conditions and media

Streptomyces coelicolor A3(2) M145 was obtained from the John
Innes centre strain collection and served as a parent for the low
autofluorescence screen carried out solely on SFM agar plates at

30°C [27].

Fluorescent imaging

All images were obtained with an Olympus bh-2 upright
fluorescence microscope making use of a mounted Colorview IIu
(Soft Imaging Systems) at a resolution of 17.5 nm/pixel
(2576 %1932 pixels) using a 100x Dapo olympus N.A. 1.3 oil
objective. The green fluorescent images were created using 470—
490 nm excitation and 515 long pass detection, for the red channel
530-550 nm excitation and 590 long pass detection was used. All
mmages were background corrected setting the signal outside the

References

1. Shimomura O, Johnson FH, Saiga Y (1962) Extraction, purification and
properties of aequorin, a bioluminescent protein from the luminous hydro-
medusan, Aeguorea. J Cell Comp Physiol 59: 223-239.

2. Prasher DC, Eckenrode VK, Ward WW, Prendergast F'G, Cormier MJ (1992)
Primary structure of the Aequorea victoria green-fluorescent protein. Gene 111:
229-233.

3. Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE, et al.
(2004) Improved monomeric red, orange and yellow fluorescent proteins derived
from Discosoma sp. red fluorescent protein. Nat Biotechnol 22: 1567-1572.

4. Giepmans BN, Adams SR, Ellisman MH, Tsien RY (2006) The fluorescent
toolbox for assessing protein location and function. Science 312: 217-224.

5. Grantcharova N, Ubhayasekera W, Mowbray SL, McCormick JR, Flardh K
(2003) A missense mutation in ftsZ differentially affects vegetative and
developmentally controlled cell division in  Streptomyces coelicolor A3(2). Mol
Microbiol 47: 645-656.

6. Shah K, Russinova E, Gadella TW Jr, Willemse J, De Vries SC (2002) The
Arabidopsis kinase-associated protein phosphatase controls internalization of the
somatic embryogenesis receptor kinase 1. Genes Dev 16: 1707-1720.

7. Wang L, Khattar MK, Donachie WD, Lutkenhaus J (1998) FtsI and FtsW are
localized to the septum in Escherichia coli. ] Bacteriol 180: 2810-2816.

8. Houtsmuller AB, Rademakers S, Nigg AL, Hoogstraten D, Hoeijmakers JH, et
al. (1999) Action of DNA repair endonuclease ERCC1/XPF in living cells.
Science 284: 958-961.

9. Anderson DE, Gueiros-Filho FJ, Erickson HP (2004) Assembly dynamics of FtsZ
rings in Bacillus subtilis and Escherichia coli and effects of FtsZ-regulating proteins.
J Bacteriol 186: 5775-5781.

10. Stricker J, Maddox P, Salmon ED, Erickson HP (2002) Rapid assembly
dynamics of the Escherichia coli FtsZ-ring demonstrated by fluorescence recovery
after photobleaching. Proc Natl Acad Sci U S A 99: 3171-3175.

11. Lever MA, Th’ng JP, Sun X, Hendzel MJ (2000) Rapid exchange of histone
HI1.1 on chromatin in living human cells. Nature 408: 873-876.

12. Rizzo MA, Springer GH, Granada B, Piston DW (2004) An improved cyan
fluorescent protein variant useful for FRET. Nat Biotechnol 22: 445-449.

13. Kerppola TK (2006) Visualization of molecular interactions by fluorescence
complementation. Nat Rev Mol Cell Biol 7: 449-456.

14. Yuste R (2005) Fluorescence microscopy today. Nat Methods 2: 902-904.

15. Scheffers DJ, Pinho MG (2005) Bacterial cell wall synthesis: new insights from
localization studies. Microbiol Mol Biol Rev 69: 585-607.

16. Chater KF, Losick R (1997) Mycelial life style of Streptomyces coelicolor A3(2) and its
relatives.; Shapiro JAaD M, ed. New York: Oxford University Press. pp
149-182.

@ PLoS ONE | www.plosone.org

hyphae to zero to obtain a sufficiently dark background. These
corrections were made using Adobe Photoshop CS (v 8.0)

Deconvolution

Using Image] 1.37c a plot profile of the septa was obtained for
all fluorophores (eGFP, mCherry). The profile plots were obtained
with a line width of 200 nm. Subsequently, the obtained raw data
were analysed using Peakfit v4.12 for windows. Deconvolution was
performed with the automatic deconvolution section of the
program in which we set the expected full-width half maximum
based on the theoretical resolution as determined by Abbe’s
formula 0.61A/N.A. (A is the excitation wavelength, N.A. is the
numerical aperture of the objective used). The resulting fits were
used to determine the amount of foci in each fluorescent profile.
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