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SUMMARY:  24 
Here we describe a photobleaching method to reduce the autofluorescence of cyanobacteria. 25 
After photobleaching, stochastic optical reconstruction microscopy is used to obtain three-26 
dimensional super-resolution images of the cyanobacterial FtsZ ring. 27 
 28 
ABSTRACT: 29 
Super-resolution microscopy has been widely used to study protein interactions and subcellular 30 
structures in many organisms. In photosynthetic organisms, however, the lateral resolution of 31 
super-resolution imaging is only ~100 nm. The low resolution is mainly due to the high 32 
autofluorescence background of photosynthetic cells caused by high-intensity lasers that are 33 
required for super-resolution imaging, such as stochastic optical reconstruction microscopy 34 
(STORM). Here, we describe a photobleaching-assisted STORM method which was developed 35 
recently for imaging the marine picocyanobacterium Prochlorococcus. After photobleaching, the 36 
autofluorescence of Prochlorococcus is effectively reduced so that STORM can be performed with 37 
a lateral resolution of ~10 nm. Using this method, we acquire the in vivo three-dimensional (3-D) 38 
organization of the FtsZ protein and characterize four different FtsZ ring morphologies during the 39 
cell cycle of Prochlorococcus. The method we describe here might be adopted for the super-40 
resolution imaging of other photosynthetic organisms. 41 
 42 
INTRODUCTION: 43 
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Super-resolution microscopies can break the diffraction limit of light and provide images within 44 
sub-diffraction resolutions (< 200 nm). They have been widely used in many organisms to study 45 
protein localization and subcellular structures. Major super-resolution microscopy methods 46 
include structured illumination microscopy (SIM), stimulated emission depletion microscopy 47 
(STED), STORM, and photoactivated localization microscopy (PALM). The mechanisms and 48 
applications of these super-resolution microscopes have been reviewed elsewhere1,2.  49 
 50 
STORM can achieve a resolution as high as 10 nm by spatial separation3,4. For STORM, only one 51 
molecule within a diffraction-limited region is activated (“on”) and the rest of the molecules are 52 
kept inactivated (“off”). By an accumulation of rapid switch-on and -off of single molecules, a 53 
“diffraction-unlimited” image can be generated3. Meanwhile, many kinds of organic dyes and 54 
fluorescent proteins are applicable in STORM, allowing an easy upgrade from regular 55 
fluorescence microscopy to high-resolution microscopy5,6.  56 
 57 
STORM has not been widely applied in photosynthetic cells, such as cyanobacteria, algae, and 58 
plant cells with chloroplasts7,8, which is due to the fact that STORM requires high laser intensity 59 
to drive photoswitching. The high-intensity laser unfavorably excites strong autofluorescence 60 
background in photosynthetic cells and interferes with the single-molecule localization in STORM 61 
imaging. In order to use STORM to investigate the subcellular structures or protein interactions 62 
in photosynthetic cells, we developed a photobleaching protocol to quench the background 63 
autofluorescence signals9. In a routine immunofluorescent staining procedure, specimens are 64 
exposed to white light of a high intensity during the blocking step, which lowers the 65 
autofluorescence of photosynthetic cells to meet the requirements for STORM. Thus, this 66 
protocol makes it feasible to investigate pigmented organisms with STORM.  67 
 68 
Here, we describe the protocol to use STORM to image the FtsZ ring organization in the 69 
unicellular picocyanobacterium Prochlorococcus. FtsZ is a highly conserved tubulin-like 70 
cytoskeletal protein which polymerizes to form a ring structure (the Z ring) around the 71 
circumference of a cell10 and is essential for the cell division11. Preserved Prochlorococcus cells 72 
are first photobleached to reduce the autofluorescent background and immunostained with a 73 
primary anti-FtsZ antibody, and then a secondary anti-Rabbit IgG (H+L) antibody is conjugated 74 
with a fluorophore (e.g., Alexa Fluor 750). Eventually, STORM is used to observe the detailed FtsZ 75 
ring organizations in Prochlorococcus during different cell cycle stages. 76 
 77 
PROTOCOL: 78 
 79 
1. Sample Preparation and Fixation 80 
 81 
1.1. Inoculate 1 mL of axenic Prochlorococcus MED4 to 5 mL of the seawater-based Pro99 82 
medium12. Grow Prochlorococcus cultures at 23 °C under the light with an intensity of 35 µmol 83 
photons/m2s. Five days later, collect 1 mL of culture into a 1.5-mL tube. 84 
 85 
Note: Five days after the inoculation, Prochlorococcus MED4 will reach the late log phase, with 86 
approximately 108 cell/mL, which is appropriate for STORM imaging.  87 



 

 88 
1.2. Add 100 µL of formaldehyde freshly prepared from 25% paraformaldehyde (PFA) (w/v) and 89 
2 µL of 50% glutaraldehyde into the 1.5-mL tube to fix the culture. Incubate the sample in the 90 
dark at room temperature for 20 min. 91 
 92 
Note: The sample was kept in the dark for fixation because glutaraldehyde is light sensitive. 93 
 94 
1.3. Spin down the sample at 13,500 x g for 1 min; then, remove the supernatant and resuspend 95 
the cells in 100 µL of the Pro99 medium12. Store the sample at 4 °C until immunostaining. 96 
 97 
2. Precoating of the Coverslip with Polystyrene Beads  98 
 99 
Note: Polystyrene beads are considered as the fiducial marker for drift correction.  100 
 101 
2.1. Vortex the original vial of polystyrene beads and prepare a 1:20,000 dilution with 50% 102 
ethanol as working slurry. 103 
 104 
2.2. Turn on the hot plate, set the temperature to 120 °C, and place coverslips onto the hot plate.  105 
 106 
2.3. Load 100 µL of working slurry onto each coverslip. Incubate the coverslip on the hot plate 107 
for 10 min and, then, carefully transfer the coverslips to Petri dishes for storage at room 108 
temperature.  109 
 110 
Note: The side with the beads attached to it should face up, and the cells should be attached on 111 
the same side. The beads are immobilized on the coverslips and used for correcting the sample-112 
drifting in real-time during STORM imaging. After immobilizing the beads, the coverslips cannot 113 
be flamed.  114 
 115 
3. Coating of Poly-L-lysine onto the Bead-coated Coverslip  116 
 117 
Note: This is done for the immobilization of cyanobacterial cells. 118 
 119 
3.1. Add 100 µL of poly-L-lysine (1 mg/mL) to the center of the coverslip with the bead-coated 120 
side facing up. Let it sit for 30 min at room temperature. 121 
 122 
3.2. Use a pipette to carefully aspire the unattached poly-L-lysine and transfer it to a 1.5-mL tube. 123 
Save the poly-L-lysine at 4 °C for reuse.  124 
 125 
3.3. Rinse the coverslip with 10 mL of ultra-filtered water in a 60-mm Petri dish and then briefly 126 
dry the coverslip on a paper towel.  127 
 128 
3.4. Store the coverslip in a Petri dish (100 mm) for later usage. To prevent the attachment of the 129 
coverslip to the dish, line the Petri dish with a layer of parafilm.  130 
 131 



 

Note: The coverslip, precoated with beads and poly-L-lysine, can be stored at room temperature 132 
for at least half a year. Therefore, preparing a batch of coverslips in advance is highly 133 
recommended.  134 
 135 
4. Immobilization of Cells on the Coverslip 136 
 137 
4.1. Transfer a precoated coverslip to a new Petri dish with parafilm at the bottom, which will be 138 
referred to as the staining dish henceforth. Load 100 µL of the fixed sample on the coverslip and 139 
let it sit for 30 min to allow cell attachment.  140 
 141 
4.2. Transfer the coverslip to a well of a 12-well plate, which will be referred to as the washing 142 
dish henceforth. Add 1 mL of phosphate-buffered saline (PBS) (10 mM Na2HPO4, 1.8 mM KH2PO4, 143 
137 mM NaCl, and 2.7 mM KCl, pH 7.4) to the well to wash the coverslip. Remove the PBS buffer 144 
and add a new PBS buffer to wash the coverslip again.  145 
 146 
5. Permeabilization of Cyanobacterial Cells  147 
 148 
5.1. Remove the PBS buffer using a pipette. Add 1 mL of freshly prepared permeabilization buffer 149 
to the well of the washing dish, which contains 0.05% non-ionic detergent-100 (v/v), 10 mM EDTA, 150 
10 mM Tris (pH 8.0), and 0.2 mg/mL lysozyme.  151 
 152 
5.2. Incubate the washing dish at 37 °C for 20 min. Then, remove the permeabilization buffer.  153 
 154 
5.3. Add 1 mL of PBS buffer and place the washing dish on a shaker which gently shakes the 155 
washing dish for 5 min. Remove the PBS buffer. Repeat this step 3x to wash the coverslip. 156 
 157 
6. Photobleaching of the Chlorophyll Pigments in a Blocking Step  158 
 159 
6.1. Transfer the coverslip to the staining dish. Add 50 µL of blocking buffer, which contains 160 
0.2%(v/v) non-ionic detergent-100 and 3%(v/v) goat serum, on the top of the coverslip.  161 
 162 
6.2. Place the whole staining plate on ice and move it under the xenon light source for 163 
photobleaching for at least 60 min, with a light intensity at 1,800 µmol photons/m2·s. 164 
 165 
6.3. After photobleaching and blocking, carefully remove the blocking buffer by adsorbing it with 166 
the edge of a paper towel. 167 
 168 
Note: The intensity of xenon light is so high that a pair of proper sunglasses is needed for eye 169 
protection. Meanwhile, wrap the light source and the plate using aluminum foil to avoid the 170 
leaking of light, which may cause eye damage. Check the coverslip every 15 min to make sure 171 
that the coverslip remains moist. If the coverslip is dry, add 50 µL of blocking buffer. 172 
 173 
7.  Antibody Binding 174 
 175 



 

7.1. Dissolve anti-Anabaena FtsZ antibody in 200 µL of water according to the manufacturer’s 176 
instructions.  177 
 178 
7.2. Dilute 1 µL of anti-FtsZ antibody into 99 µL of blocking buffer. Add 50 µL of diluted primary 179 
antibody on the coverslip and incubate it at room temperature for 30 min.  180 
 181 
7.3. Transfer the coverslip to the washing dish. Add 1 mL of PBS buffer and place the washing 182 
dish on a shake. Gently shake the washing dish for 5 min. Repeat this step 3x to wash the coverslip.  183 
 184 
7.4. Transfer the coverslip to the staining dish. Dilute 1 µL of a secondary antibody into 500 µL of 185 
blocking buffer. Add 50 µL of diluted secondary antibody onto the coverslip and incubate it for 186 
30 min in the dark at room temperature.  187 
 188 
7.5. Transfer the coverslip to the washing dish. Wash it with 1 mL of PBS buffer on a shaker. 189 
Gently shake the washing dish for 5 min. Wrap the washing dish with aluminum paper to make 190 
it light-proof. Repeat this step 3x.  191 
 192 
7.6. Add 500 µL of formaldehyde freshly prepared from 4% paraformaldehyde (PFA) (w/v) to the 193 
well. Incubate the coverslip for 15 min in the dark at room temperature.  194 
 195 
7.7. Remove the formaldehyde and repeat the washing step 3x.  196 
 197 
7.8. Store the coverslip in PBS buffer at 4 °C in the dark until imaging. 198 
 199 
8. Preparation of the STORM Imaging Buffer 200 
 201 
8.1. Prepare 1 mL of imaging buffer according to Table 1, immediately before the STORM imaging.  202 
 203 
Note: As the shelf life of the imaging buffer is about 2 h, prepare it fresh, right before usage. 204 
Avoid vortexing after the addition of glucose oxidase and catalase. 205 
 206 
CAUTION: Methyl viologen is poisonous material. Please handle it with particular care. 207 
Cyclooctatetraene is classified as a carcinogen Cat. 1 chemical. Please avoid inhalation and skin 208 
contact and make the cyclooctatetraene stock solution and imaging buffer in a chemical hood.  209 
 210 
9. Image Acquisition of STORM Data 211 
 212 
9.1. Load the coverslip in the loading chamber (Figure 1). Load the freshly prepared imaging 213 
buffer gently into the chamber to avoid washing off the cyanobacterial cells. Place a rectangular 214 
coverslip on the top of the imaging buffer to prevent its reaction with oxygen in the air. Avoid 215 
trapping air bubbles underneath the coverslip. 216 
 217 
9.2. Turn on the camera, the LED light, and the laser. Open STORM software for image acquisition, 218 
centroid position determination, and sample drifting correction13.  219 



 

 220 
9.3. Add half a drop of immersion oil on top of the lens. Load the chamber and make sure the 221 
lens of the objective makes contact with the coverslip. 222 
 223 
9.4. Examine the signal with a 750-nm laser.  224 
 225 
Note: Always include a second antibody-minus-staining negative control to ensure that the 226 
autofluorescence is diminished. 227 
 228 
9.5. Identify a sample area that contains both cells and fiducial markers. Start the software for 229 
sample drifting correction. 230 
 231 
Note: In general, the ideal sample area contains 10 - 30 cells. Meanwhile, the cells should be 232 
separated well to avoid any overlapping cells.  233 
 234 
9.6. Acquire one wide-field image as a reference, with the camera electron multiplication (EM) 235 
gain at 300 and an exposure time of 30 ms (Figure 2A).  236 
 237 
9.7. Increase the 750-nm excitation laser intensity to a higher power, approximately 4.5 kW/cm2. 238 
Once the fluorophores have transitioned into a sparse blinking pattern, acquire one super-239 
resolution image by collecting 10,000 frames at 33 Hz (Figure 2B). 240 
 241 
Note: If the fluorophores are not isolated, wait for a couple of minutes until more fluorophores 242 
are switched to the dark state and the isolated single molecules flicker sequentially. The number 243 
of frames described here is suitable for our sample and needs to be optimized for other targeted 244 
structures. 245 
 246 
10. Reconstruction of Super-resolution Images from Raw Data 247 
 248 
10.1. Use a plugin called QuickPALM (Table of Materials)14 in ImageJ to reconstruct a 3-D color 249 
super-resolution image.  250 
 251 
Note: A preliminary chromatic image (Figure 2C) along with a color-coded scale bar (Figure 2C) 252 
will appear. The color represents the depth on the z-axis. 253 
 254 
10.2. To demonstrate the 3-D structure in a video, construct a stack of super-resolution images 255 
with z-axis sectioned every 10 nm using QuickPALM14. Adjust the brightness of the stacks and 256 
duplicate the stack of one target cell. Use a plugin called 3D Viewer (Table of Materials)15 in 257 
ImageJ to generate the 3-D image of the cell. Record the rotation of the 3-D structure for 258 
demonstration purposes.  259 
 260 
REPRESENTATIVE RESULTS:  261 
STORM achieves super-resolution imaging by activating individual photoswitchable fluorophores 262 
stochastically. The location of every fluorophore is recorded and a super-resolution image is then 263 



 

constructed based on these locations4. Therefore, the precision of the fluorophore location is 264 
important for the super-resolution image reconstruction. The absorption spectra of 265 
Prochlorococcus peak at 447 nm and 680 nm, and Prochlorococcus has a minimum absorption at 266 
wavelengths above 700 nm16. However, Prochlorococcus MED4 cells still emitted high 267 
autofluorescence when exposed to an extremely high intensity of the 750-nm laser (Figure 3A), 268 
which is required for STORM imaging. Thus, the high autofluorescence background of 269 
Prochlorococcus cells heavily interferes with super-resolution imaging. 270 
 271 
In order to utilize STORM to investigate protein organizations in Prochlorococcus, we developed 272 
a photobleaching method. After exposure to a white light of high intensity for 30 min, the 273 
autofluorescence of Prochlorococcus MED4 cells decreased (Figure 3B), although several cells 274 
with autofluorescence were still detected. We further elongated the photobleaching time to 60 275 
min and found that the majority of the cells lost their autofluorescence (Figure 3C). These results 276 
indicate that the photobleaching method we developed here can greatly decrease the 277 
autofluorescence in photosynthetic organisms.  278 
 279 
After photobleaching, we were able to use STORM to visualize the cell division protein FtsZ in 280 
Prochlorococcus MED4 cells. The cyanobacterium Prochlorococcus is the smallest and the most 281 
abundant photosynthetic organism on earth17. The diameter of a Prochlorococcus cell is only 500 282 
- 700 nm18. With such a small cell size, it is impossible to visualize the FtsZ ring organization in 283 
Prochlorococcus cells using conventional wide-field fluorescence microscopy (Figure 2A). 284 
However, STORM has a spatial resolution of 9.6 nm in the xy-plane and 41.6 nm in the z-axis. 285 
Using STORM, we were able to reveal a detailed morphology of the FtsZ ring in Prochlorococcus 286 
(Figures 2B and 4). By rotating 3-D STORM images, we identified four different types of FtsZ ring 287 
morphologies: clusters (Figure 4A, Movie S1), an incomplete ring (Figure 4B, Movie S2), a 288 
complete ring (Figure 4C, Movie S3), and double rings (Figure 4D, Movie S4). Gaps were observed 289 
in the complete FtsZ rings of Prochlorococcus (Figure 4C, Movie S3), which is similar to that found 290 
in Caulobacter cresentus19. These four types of FtsZ ring morphologies showed the assembly 291 
process of the FtsZ ring during the cell cycle of Prochlorococcus, and this study helped us to 292 
understand the role of the FtsZ ring during the cell division of Prochlorococcus9. 293 
 294 
FIGURE AND TABLE LEGENDS:  295 
 296 
Figure 1: Components of the loading chamber and the assembled chamber with the coverslips 297 
and imaging buffer for STORM imaging. The coverslip with the sample was placed on the groove 298 
of the bottom part first. The upper part was then carefully screwed on to the bottom part. The 299 
imaging buffer was added in the loading chamber and then carefully covered with a square 300 
coverslip. Bubbles should be avoided to minimize any movement that may influence the accuracy 301 
of the measurement.  302 
 303 
Figure 2: Representative wide-field, 2-D STORM, and 3-D color STORM images of FtsZ in 304 
Prochlorococcus MED4. The images were taken from the same field of view using regular (A) 305 
wide-field microscopy, (B) 2-D STORM, and (C) 3-D color STORM. The colors in panel C indicate 306 



 

the depth of the fluorescent signals on the z-axis. The numbers in panel C indicate the cells of 307 
interest. The scale bars = 1 µm.  308 
 309 
Figure 3: Photobleaching of Prochlorococcus MED4. Fixed Prochlorococcus MED4 cells were (A) 310 
not photobleached, or they were photobleached for (B) 30 min and (C) 60 min. The XD-300 xenon 311 
light was used at an intensity of 1,800 µmol/m2·s. Cells were excited by a 750-nm laser at the 312 
same intensity as was used for STORM imaging. The autofluorescences were imaged with the 313 
same filters as used in STORM to make sure the presence of minimal autofluorescence to affect 314 
STORM. The scale bars = 2 µm.  315 
 316 
Figure 4: Representative STORM images of four FtsZ ring morphologies. Four different FtsZ ring 317 
morphologies were observed in Prochlorococcus: (A) clusters, (B) an incomplete ring, (C) a 318 
complete ring, and (D) double rings. For the same cell, images of (i) wide-field fluorescence 319 
microscopy, (ii) STORM on the xy-plane, and (iii) STORM after rotation were shown. The 3-D 320 
movies corresponding to the cells in panels A, B, C, and D are shown in Movies S1, S2, S3, and S4, 321 
respectively. The scale bars = 500 nm. 322 
 323 
Table 1: Recipe for the imaging buffer.  324 
 325 
Movie S1: Clusters of FtsZ proteins observed in Prochlorococcus MED4 cells.  326 
 327 
Movie S2: An incomplete ring of FtsZ proteins observed in Prochlorococcus MED4 cells. 328 
 329 
Movie S3: A complete ring of FtsZ proteins observed in Prochlorococcus MED4 cells. 330 
 331 
Movie S4: A double-ring of FtsZ proteins observed in Prochlorococcus MED4 cells. 332 
 333 
DISCUSSION: 334 
In this protocol, we described a procedure to significantly reduce the autofluorescence of the 335 
cyanobacterium Prochlorococcus (Figure 3C) and, then, immunostain the proteins in the cells, 336 
which enabled us to utilize STORM to study the 3-D FtsZ ring morphologies in Prochlorococcus 337 
(Figure 4). This protocol might be adopted for super-resolution imaging in other photosynthetic 338 
organisms.  339 
 340 
Previous studies on photosynthetic organisms mainly used SIM to achieve super-resolution 341 
imaging because SIM does not require lasers of high intensity. However, the spatial resolution of 342 
SIM is only ~100 nm1, which is much lower than that of STORM. In this study, the spatial 343 
resolution of STORM images could reach 9.6 nm in the xy-plane and 41.6 nm in the z-axis9. The 344 
improved resolution provided by photobleaching and STORM imaging allows researchers to 345 
study photosynthetic organisms in unprecedented detail.  346 
 347 
Photobleaching prior to STORM is a critical step that enables researchers to observe the location 348 
and dynamics of proteins in autofluorescent organisms. Besides cyanobacteria, we have 349 
demonstrated that autofluorescence of the flowering plant Arabidopsis thaliana could also be 350 



 

quenched after 60 min of photobleaching9. The photobleaching has been widely used, for 351 
instance for improving the signal-to-noise ratio and the visualization of multiple biomarkers 352 
sequentially20. It was also demonstrated that photobleaching before imaging is advantageous 353 
when observing an autofluorescence sample under Raman spectroscopy21. Therefore, it might 354 
be feasible to apply this photobleaching method to reduce the autofluorescence of other 355 
photosynthetic organisms, including eukaryotic algae, vascular plants, and organisms containing 356 
proteorhodopsin and bacteriochlorophyll.  357 
 358 
Photosynthetic organisms contain different pigments that have different absorption spectra; 359 
therefore, organic dyes and fluorescent proteins need to be prudently selected. For example, in 360 
this study, a dye with a maximum excitation wavelength of around 750 nm was used. Although 361 
two channels (750 nm and 650 nm) are available for the STORM presented here, Prochlorococcus 362 
autofluorescent signals could still be observed after being exposed under a 650-nm laser, even 363 
after prolonged photobleaching. This is probably because 650 nm is one of the major absorption 364 
wavelengths for Prochlorococcus. On the other hand, some Synechococcus and red algae contain 365 
phycoerythrin as their pigment22, which has an absorption spectrum from 488 nm to 560 nm and 366 
a minimum absorption at 650 nm23. Therefore, it might be feasible to use a 650-nm channel 367 
instead of a 750-nm channel to study the proteins within these phycoerythrin-containing 368 
autotrophs. 369 
 370 
In summary, a proper combination of photobleaching and STORM provides a powerful approach 371 
to understand the protein organization in photosynthetic cells in detail, which will further reveal 372 
their dynamics and potential function.  373 
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Table 1. Recipe for imaging buffer  

Chemicals Stock solution Final concentration

 glucose N/A 10% (w/v)

Tris-Cl (pH 8.0) 0.5 M 50 mM 

Ascorbic acid 100 mM 1 mM 

Methyl viologen 100 mM 1 mM 

Cyclooctatetraene 200 mM 2 mM 

TCEP 0.5 M 25 mM 

Glucose oxidase 56 mg/ml 0.56 mg/ml

Catalase 4 mg/ml 40 µg/ml 
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Name of Material/ Equipment Company
Catalog 

Number
Comments/Description

Polystyrene particles Spherotech PP-20-10 2.0-2.4 µm 

Coverslip Marienfeld 0111580 18 mm ∅, Thickness No. 1

Ethanol Scharlau ET00021000

Poly-L-lysine hydrobromide Sigma-Aldrich P9155  mol wt 70,000-150,000

Paraformaldehyde Sigma-Aldrich 158127

Glutaraldehyde solution, 50% Sigma-Aldrich 340855

PBS Sigma P3813

Triton X-100 Sigma T8787 

EDTA Disodium Salt, 2-hydrate Gold biotechnology E-210-500

Trizma base Sigma T1503

Lysozyme Sigma L6876

Goat serum Sigma G9023

anti-Anabaena  FtsZ antibody Agrisera AS07217
Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 

Secondary Antibody
Life Technologies A-21039

conjugated with Alexa Fluor 

750

D-Glucose Anhydrous  Fisher Scientific D16-1

L-Ascorbic Acid Sigma-Aldrich A5960

Methyl Viologen Sigma-Aldrich 856177

Cyclooctatetraene Sigma-Aldrich 138924

tris(2-carboxyethyl)phosphine (TCEP) Sigma-Aldrich 646547

Glucose Oxidase Sigma-Aldrich G2133

Catalase Sigma-Aldrich C9322

XD-300  Xenon light source 250 W

STORM microscope NBI

SRiS 

microscope
Rohdea NBI SRiS 3.0 software for imaging acquisition

Luna NBI SRiS 3.0 software for drifting correction

QuickPALM https://code.google.com/archive/p/quickpalm/wikis 
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
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9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
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published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
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entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
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as to the method of making and publishing the Materials, 
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editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
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harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
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publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
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completion of filming, production and publication of the 
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deemed an original, but all of which together shall be 
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1. SUMMARY:  
 The format has been followed.  
 
2. SUMMARY: After photobleaching, STORM is used to obtain 3D super-resolution images of the 
cyanobacterial FtsZ ring. 
 “STORM” had been expanded as stochastic optical reconstruction microscopy. And 
STORM is not a trademark or commercial name.  
 
3. Section 1.1: Grow the axenic Prochlorococcus strain MED4 in the seawater-based Pro99 
medium12. Maintain Prochlorococcus cultures at 23 °C under the light with an intensity of 35 µmol 
photons/m2s. 
 The volume (5 ml) has been updated in section 1.1. Temperature and light intensity had 
been included in section 1.1. Rotation is not needed; therefore, we do not mention it.  
 Pro99 medium is not a commercial medium. It is widely used to culture cyanobacteria. 
The paper we cited describes the recipe of Pro99 medium in detail.  
 The revised Section 1.1 is this: “Inoculate 1 ml axenic Prochlorococcus MED4 to 5 ml of 
the seawater-based Pro99 medium. Grow Prochlorococcus MED4 at 23 °C under the light with 
an intensity of 35 µmol photons/m2s.” 
 
4. Section 1.2: Measure the concentration of the cultures by flow cytometry. When the 
concentration reaches approximately 108 cell/mL, collect 1 mL log-phase culture into a 1.5 mL 
tube. 
 Since the flow cytometry is not the major part of this protocol, we don’t want to 
introduce too much about the details of flow cytometry. Instead, we’d like to provide the time 
it takes to reach an appropriate number of cells. And section 1.2 has been combined with 
section 1.1. Meanwhile, a note has been added.  
 “1.1 Transfer 1 ml axenic Prochlorococcus MED4 to 5 mL of the seawater-based Pro99 
medium. Grow the Prochlorococcus MED4 at 23 °C under the light with an intensity of 35 µmol 
photons/m2s. Five days later, collect 1 mL culture into a 1.5 mL tube. 
 Note: Five days after inoculation, Prochlorococcus MED4 will reach the late phase, with 
approximately 108 cell/ml, which is appropriate for STORM imaging.” 
 
5. Section 1.4: Spin down the sample at 13,500 x g for 1 min, then remove the supernatant and 
re-suspend the cells in 100 µL Pro99 medium 12. Store the sample at 4 °C until immunostaining. 
 No. The recipe of the Pro99 was described in the paper we cited.  
 
6. Section 5.1: Remove the PBS buffer. Add 1 mL freshly prepared permeabilization buffer into 
the well of washing dish, which contains 0.05% non-ionic detergent-100 (v/v), 10 mM EDTA, 10 
mM Tris (pH 8.0) and 0.2 mg/mL lysozyme.  
 Yes. The sentence has been modified as follows:  
 “5.1. Remove the PBS buffer using a pipette. Add 1 mL freshly prepared 
permeabilization buffer into the well of washing dish.” 
 
7. Section 5.3: Add 1 mL PBS buffer and place the washing dish on a shaker. Gently shake the 
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washing dish for 5 min, then remove the PBS buffer. Repeat this step three times to wash the 
coverslip. 
 The washing dish is shaken on shaker automatically, not manually. The sentence has 
been modified as follows: 
 “Add 1 mL PBS buffer and place the washing dish on a shaker which gently shakes the 
washing dish for 5 min. Then remove the PBS buffer.” 
 
8. Section 9.2: Turn on the camera, the LED light and the laser. Open STORM softwares, Rohdea 
and Luna. Use Rohdea for image acquisition and centroid position determination. Use Luna for 
sample drifting correction with 1-nm accuracy13. 
 The Luna and Rohdea have been replaced by generic name “software”. The sentence 
has been rewritten as follows: 
 “Turn on the camera, the LED light and the laser. Open STORM software for image 
acquisition, centroid position determination and sample drifting correction13.” 
 
9. Section 9.5: Identify a sample area that contains both cells and fiducial markers. Start Luna to 
remove sample drifting in real time. 
 The graphical user interface has been provided in supplemental material (Figure S1). The 
sentence has been modified as follows:  
 “9.5. Identify a sample area that contains both cells and fiducial markers. Start the 
software for sample drifting correction.” 
 
10. Note: The ideal sample area needs to have adequate number of cells. Meanwhile, the cells 
should be separated well to avoid any overlapping cells.  
 Based on our experience, 10-30 cells per view is an adequate number. The sentence is 
replaced as follows: 
 “Note: In general, the ideal sample area contains 10-30 cells. Meanwhile, the cells 
should be separated well to avoid any overlapping cells.” 
 
11. Section 9.6: Acquire one wide-field image as a reference, with camera electron multiplication 
(EM) gain at 300 and an exposure time at 30 ms (Figure2A).  
 The interface and buttons are provided in supplemental material (Figure S1).  
 The sentence has been changed as “Acquire one wide-field image as reference with 
camera electron multiplication (EM) gain at 300 and an exposure time at 30 ms (Figure 2A).” 
 
12. Section 9.7: Increase the 750-nm excitation laser to a higher power, approximately 4.5 
kW/cm2. Once the fluorophores have transitioned into a sparse blinking pattern, acquire one 
super-resolution image by collecting 10,000 frames at 33 Hz (Figure2B).  
 The interface and buttons are provided in supplemental material (Figure S1). The 
sentence has been changed as: 
 “9.7. Increase the 750-nm excitation laser intensity to a higher power, approximately 
4.5 kW/cm2. Once the fluorophores have transitioned into a sparse blinking pattern, acquire one 
super-resolution image by collecting 10,000 frames at 33 Hz (Figure 2B). 
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13. Section 10.1: Use a plugin called “QuickPALM” in ImageJ to reconstruct a three-dimension 
Color super-resolution image.  
 The interface and buttons are provided in supplemental material (Figure S2). The 
“QuickPALM” is an open source plugin. The reference of “QuickPALM” and related website have 
been cited.  
The protocol has been revised as follows: 
 “10.1. Use a plugin called “QuickPALM” in ImageJ to reconstruct a three-dimension color 
super-resolution image.” 
 
14. Section 10.2: To demonstrate the three-dimension structure in a video, construct a stack of 
super resolution images with z axis sectioned every 10 nm. Duplicate the stack of one target cell. 
Use a plugin called “3D Viewer” in ImageJ to generate the 3D image of the cell. 
 The interface and buttons are provided in supplemental material (Figure S2). The “3D 
Viewer” is an open source plugin. The reference of “3D Viewer” and related website have been 
cited.  
 “10.2. To demonstrate the three-dimension structure in a video, construct a stack of 
super-resolution images with z axis sectioned every 10 nm using “QuickPALM”. Adjust the 
brightness of the stacks and Duplicate the stack of one target cell. Use a plugin called “3D Viewer” 
in ImageJ to generate the 3D image of the cell. Record the rotation of the 3D structure for 
demonstration purpose. 
 
15.Movie S1: Clusters of FtsZ proteins were observed within Prochlorococcus MED4 cells.  
Movie S2: An Incomplete ring of FtsZ proteins was observed within Prochlorococcus MED4 cells. 
Movie S3: A complete ring of FtsZ proteins was observed within Prochlorococcus MED4 cells. 
Movie S4: A double-ring of FtsZ proteins was observed within Prochlorococcus MED4 cells. 
 Noted.  
16. Discussion:  
A summary is added as follows: 
 “In summary, a proper combination of photobleaching and STORM provides a powerful 
approach to understand the protein organization in photosynthetic cells in detail, which will 
further reveal protein dynamics and potential function.” 
 

Commented [A16]: How ? please provide all button clicks 
and graphical user interface. Also if this plugin is not open 
source please remove the term and use generic term 
instead. Please refer to the term in the table of materials 
instead and cite it here.   

Commented [A17]: How? Also if this plugin is not open 
source please remove the term and use generic term 
instead. Please refer to the term in the table of materials 
instead and cite it here.   

Commented [A18]: Moved here please check.  

Commented [A19]:   



Figure S1 Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Figure S1.tif

http://www.editorialmanager.com/jove/download.aspx?id=878556&guid=932f8b29-3e3f-433c-a1f6-da7ea225e162&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=878556&guid=932f8b29-3e3f-433c-a1f6-da7ea225e162&scheme=1


Figure S2 Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Figure S2.tif

http://www.editorialmanager.com/jove/download.aspx?id=878557&guid=d87a801b-e998-45ef-9e06-0496f6a649b5&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=878557&guid=d87a801b-e998-45ef-9e06-0496f6a649b5&scheme=1

