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Single-particle analysis in cryo-electron microscopy is one of the main techniques used to 45 
determine the structure of biological ensembles at high resolution. Scipion provides the tools to 46 
create the whole pipeline to process the information acquired by the microscope and achieve a 47 
3D reconstruction of the biological specimen. 48 
 49 
ABSTRACT: 50 
Cryo-electron microscopy has become one of the most important tools in biological research to 51 
reveal the structural information of macromolecules at near-atomic resolution. In single-52 
particle analysis, the vitrified sample is imaged by an electron beam and the detectors at the 53 
end of the microscope column produce movies of that sample. These movies contain thousands 54 
of images of identical particles in random orientations. The data need to go through an image 55 
processing workflow with multiple steps to obtain the final 3D reconstructed volume. The goal 56 
of the image processing workflow is to identify the acquisition parameters to be able to 57 
reconstruct the specimen under study. Scipion provides all the tools to create this workflow 58 
using several image processing packages in an integrative framework, also allowing the 59 
traceability of the results. In this article the whole image processing workflow in Scipion is 60 
presented and discussed with data coming from a real test case, giving all the details necessary 61 
to go from the movies obtained by the microscope to a high resolution final 3D reconstruction. 62 
Also, the power of using consensus tools that allow combining methods, and confirming results 63 
along every step of the workflow, improving the accuracy of the obtained results, is discussed. 64 
 65 
INTRODUCTION: 66 
In cryo-electron microscopy (cryo-EM), single particle analysis (SPA) of vitrified frozen-hydrated 67 
specimens is one of the most widely used and successful variants of imaging for biological 68 
macromolecules, as it allows to understand molecular interactions and the function of 69 
biological ensembles1. This is thanks to the recent advances in this imaging technique that gave 70 
rise to the “resolution revolution”2 and have allowed the successful determination of biological 71 
3D structures with near-atomic resolution. Currently, the highest resolution achieved in SPA 72 
cryo-EM was 1.15 Å for apoferritin3 (EMDB entry: 11668). These technological advances 73 
comprise improvements in the sample preparation4, the image acquisition5, and the image 74 
processing methods6. This article is focused on this last point.  75 
 76 
Briefly, the goal of the image processing methods is to identify all the acquisition parameters to 77 
invert the imaging process of the microscope and recover the 3D structure of the biological 78 
specimen under study. These parameters are the gain of the camera, the beam-induced 79 
movement, the aberrations of the microscope (mainly the defocus), the 3D angular orientation 80 
and translation of each particle, and the conformational state in case of having a specimen with 81 
conformational changes. However, the number of parameters is very high and cryo-EM requires 82 
using low-dose images to avoid radiation damage, which significantly reduces the Signal-to-83 
Noise Ratio (SNR) of the acquired images. Thus, the problem cannot be unequivocally solved 84 
and all the parameters to be calculated only can be estimations. Along the image processing 85 
workflow, the correct parameters should be identified, discarding the remaining ones to finally 86 
obtain a high-resolution 3D reconstruction. 87 
 88 



   

The data generated by the microscope are gathered in frames. Simplifying, a frame contains the 89 
number of electrons that have arrived at a particular position (pixel) in the image, whenever 90 
electron-counting detectors are used. In a particular field of view, several frames are collected 91 
and this is called a movie. As low electron doses are used to avoid radiation damage that could 92 
destroy the sample, the SNR is very low and the frames corresponding to the same movie need 93 
to be averaged to obtain an image revealing structural information about the sample. However, 94 
not only a simple average is applied, the sample can suffer shifts and other kinds of movements 95 
during the imaging time due to the beam-induced movement that need to be compensated. 96 
The shift-compensated and averaged frames originate a micrograph. 97 
 98 
Once the micrographs are obtained, we need to estimate the aberrations introduced by the 99 
microscope for each of them, called Contrast Transfer Function (CTF), which represents the 100 
changes in the contrast of the micrograph as a function of frequency. Then, the particles can be 101 
selected and extracted, which is called particle picking. Every particle should be a small image 102 
containing only one copy of the specimen under study. There are three families of algorithms 103 
for particle picking: 1) the ones that only use some basic parameterization of the appearance of 104 
the particle to find them in the whole set of micrographs (e.g., particle size), 2) the ones that 105 
learn how the particles look like from the user or a pretrained set, and 3) the ones that use 106 
image templates. Each family has different properties that will be shown later. 107 
 108 
The extracted set of particles found in the micrographs will be used in a 2D classification 109 
process that has two goals: 1) cleaning the set of particles by discarding the subset containing 110 
pure noise images, overlapping particles, or other artifacts, and 2) the averaged particles 111 
representing each class could be used as initial information to calculate a 3D initial volume.  112 
 113 
The 3D initial volume calculation is the next crucial step. The problem of obtaining the 3D 114 
structure can be seen as an optimization problem in a multidimensional solution landscape, 115 
where the global minimum is the best 3D volume that represents the original structure, but 116 
several local minima representing suboptimal solutions can be found, and where it is very easy 117 
to get trapped. The initial volume represents the starting point for the searching process, so 118 
bad initial volume estimation could prevent us to find the global minimum. From the initial 119 
volume, a 3D classification step will help to discover different conformational states and to 120 
clean again the set of particles; the goal is to obtain a structurally homogeneous population of 121 
particles. After that, a 3D refinement step will be in charge of refining the angular and 122 
translation parameters for every particle to get the best 3D volume possible.  123 
 124 
Finally, in the last steps, the obtained 3D reconstruction can be sharpened and polished. 125 
Sharpening is a process of boosting the high frequencies of the reconstructed volume, and the 126 
polishing is a step to further refine some parameters, as CTF or beam-induced movement 127 
compensation, at the level of particles. Also, some validation procedures could be used to 128 
better understand the achieved resolution at the end of the workflow.  129 
 130 
After all these steps, the tracing and docking processes7 will help to give a biological meaning to 131 
the obtained 3D reconstruction, by building atomic models de novo or fitting existing models. If 132 



   

high resolution is achieved, these processes will tell us the positions of the biological structures, 133 
even of the different atoms, in our structure. 134 
 135 
Scipion8 allows creating the whole workflow combining the most relevant image processing 136 
packages in an integrative way. Xmipp9, Relion10, CryoSPARC11, Eman12, Spider13, Cryolo14, 137 
Ctffind15, CCP416, Phenix17, and many more packages can be included in Scipion. Also, it 138 
incorporates all the necessary tools to benefit the integration, interoperability, traceability, and 139 
reproducibility to make a full tracking of the entire image-processing workflow8. 140 
 141 
One of the most powerful tools that Scipion allows us to use is the consensus, which means to 142 
compare the results obtained with several methods in one step of the processing, making a 143 
combination of the information conveyed by different methods to generate a more accurate 144 
output. This could help to boost the performance and improve the achieved quality in the 145 
estimated parameters. Note that a simpler workflow can be build without the use of consensus 146 
methods; however, we have seen the power of this tool22,25 and the workflow presented in this 147 
manuscript will use it in several steps.  148 
 149 
All the steps that have been summarized in the previous paragraphs will be explained in detail 150 
in the following section and combined in a complete workflow using Scipion. Also, how to use 151 
the consensus tools to achieve a higher agreement in the generated outputs will be shown. To 152 
that end, the example dataset of the Plasmodium falciparum 80S Ribosome has been chosen 153 
(EMPIAR entry: 10028, EMDB entry: 2660). The dataset is formed by 600 movies of 16 frames of 154 
size 4096x4096 pixels at a pixel size of 1.34Å taken at an FEI POLARA 300 with an FEI FALCON II 155 
camera, with a reported resolution at EMDB is 3.2Å18 .  156 
 157 
PROTOCOL: 158 
 159 
1. Creating a project in Scipion and importing the data 160 
 161 
1.1. Open Scipion and click on Create Project, specify the name for the project and the 162 
location where it will be saved (Supplemental Figure 1). Scipion will open the project window 163 
showing a canvas with, on the left side, a panel with a list of available methods, each of them 164 
represents one image processing tool that can be used to manage data.  165 
 166 
NOTE: Ctrl+F can be used to find a method if it does not appear in the list. 167 
 168 
1.2. To import the movies taken by the microscope select the pwem - import movies on the 169 
left panel (or type it when pressing Ctrl+F). 170 
 171 
1.3. A new window will be opened (Supplemental Figure 2). There, include the path to the 172 
data, and the acquisition parameters. In this example, use the following setup: Microscope 173 
voltage 300 kV, Spherical aberration 2.0 mm, Amplitude Contrast 0.1, Magnification rate 174 
50000, Sampling rate mode to From image, and Pixel size 1.34 Å. When all the parameters in 175 
the form are filled, click on the Execute button.  176 



   

 177 
NOTE: When a method starts, a box appears in the canvas in yellow color labeled as running. 178 
When a method finishes, the box changes to green, and the label changes to finished. In case of 179 
an error during the execution of a method, the box will appear in red, labeled as failed. In that 180 
case, check the bottom part of the canvas, in the Output Log tab an explanation of the error 181 
will appear. 182 
 183 
1.4. When the method finishes, check the results in the bottom part of the canvas in the 184 
Summary tab. Here, the outputs generated by the method are presented, in this case, the set 185 
of movies. Click on Analyze Results button and a new window will appear with the list of 186 
movies. 187 
 188 
2. Movie alignment: from movies to micrographs 189 
 190 
2.1. Use the method xmipp3 – optical alignment which implements Optical flow19. Use the 191 
following parameters to fill in the form (Supplemental Figure 3): the Input Movies are those 192 
obtained in step 1, the range in Frames to ALIGN is from 2 to 13, the other options stay with 193 
the default values. Execute the program. 194 
 195 
NOTE: The parameters in bold in a form must be always filled. The others will have a default 196 
value or will not be obligatorily required. In the upper part of the form window, the fields 197 
where the computational resources are distributed can be found, as threads, MPIs, or GPUs.  198 
 199 
2.2. Click on Analyze Results to check the obtained micrographs and the trajectory of the 200 
estimated shifts (Figure 1). For every micrograph seen: look at the power spectral density (PSD), 201 
the trajectories obtained to align the movie (one point per frame) in cartesian and polar 202 
coordinates, and the file name of the obtained micrograph (clicking on it, the micrograph can 203 
be inspected). Notice that the particles of the specimen are much more visible in the 204 
micrograph, as compared to a single frame of the movie. 205 
 206 
3. CTF estimation: calculating the aberrations of the microscope 207 
 208 
3.1. First, use the method grigoriefflab – ctffind15. The setup is: the Input Micrographs are 209 
the output of step 2, the Manual CTF Downsampling factor is set to 1.5, and the Resolution 210 
range goes from 0.06 to 0.42. Moreover, in the Advanced options (that can be found by 211 
selecting this choice in the Expert Level of the form), set the Window size to 256. The 212 
remaining parameters stay with the default values (Supplemental Figure 4). 213 
 214 
NOTE: In most of the methods in Scipion the Advanced option shows more configuration 215 
parameters. Use these options carefully, when the program to be launched is completely 216 
known and the meaning of the parameters is understood. Some parameters can be difficult to 217 
fill without having a look at the data; in that case, Scipion shows a magic wand on the right side 218 
that will show a wizard window (Supplemental Figure 5). For example, in the Resolution field of 219 
this form is especially useful, as these values should be selected to approximately cover the 220 



   

region from the first zero to the last noticeable ring of the PSD. 221 
 222 
3.2. Click on Execute and on Analyze Results (Figure 2) when the method finishes. Check 223 
that the estimated CTF matches with the experimental one. To that end, look at the PSD and 224 
compare the estimated rings in the corner with the ones coming from the data. Also check the 225 
obtained defocus values to find any unexpected values and respective micrographs can be 226 
discarded or recalculated. In this example, the whole set of micrographs can be used. 227 
 228 
NOTE: Use the buttons in the bottom part of the window to make a subset of micrographs (with 229 
Micrographs red button) and to recalculate a CTF (with Recalculate CTFs red button), in case of 230 
needing. 231 
 232 
3.3. To refine the previous estimation, use xmipp3 – ctf estimation20. Select as Input 233 
Micrographs the output of step 2, select the option Use defoci from a previous CTF estimation, 234 
as Previous CTF estimation choose the output of grigoriefflab – ctffind, and, in the Advanced 235 
level, change the Window size to 256 (Supplemental Figure 6). Run it. 236 
 237 
3.4. Click on Analyze Results to check the obtained CTFs. With this method, more data is 238 
estimated and represented in some extra columns. As none of them show incorrect estimated 239 
values, all the micrographs will be used in the following steps. 240 
 241 
4. Particle picking: finding particles in the micrographs 242 
 243 
4.1. Before starting the picking, carry out a preprocess of the micrographs. Open xmipp3 – 244 
preprocess micrographs, set as Input micrographs those obtained in step 2 and select the 245 
options Remove bad pixels? with Multiple of Stddev to 5, and Downsample micrographs? with 246 
a Downsampling factor of 2 (Supplemental Figure 7). Click on Execute and check that the size 247 
of the resulting micrographs has been reduced. 248 
 249 
4.2. For the picking use xmipp3 – manual-picking (step 1) and xmipp3 – auto-picking (step 250 
2)21. The manual picking allows to manually prepare a set of particles with which the auto-251 
picking step will learn and generate the complete set of particles. First, run xmipp3 – manual-252 
picking (step 1) with Input Micrographs as the micrographs obtained in the previous 253 
preprocess. Click on Execute and a new interactive window will appear (Figure 3). 254 
 255 
4.3. In this window a list of the micrographs (Figure 3a) and other options is presented. 256 
Change Size (px) to 150, this will be the size of the box containing each particle. The selected 257 
micrograph appears in a bigger window. Choose a region and pick all the visible particles in it 258 
(Figure 3b). Then, click on Activate Training to start the learning. The remaining regions of the 259 
micrograph are automatically picked (Figure 3c). Check the picked particles and include more 260 
by clicking on it, or remove the incorrect ones with shift+clicking, if necessary. 261 
 262 
4.4. Select the next micrograph in the first window. The micrograph will be automatically 263 
picked. Check again to include or remove some particles, if necessary. Repeat this step with, 264 



   

approximately, 5 micrographs to create a representative training set. 265 
 266 
4.5. Once this is done, click on Coordinates in the main window to save the coordinates of all 267 
the picked particles. The training set of particles is ready to go to the auto picking to complete 268 
the process for all micrographs. 269 
 270 
4.6. Open xmipp3 – auto-picking (step 2) indicating in Xmipp particle picking run the 271 
previous manual picking, and Micrographs to pick as Same as supervised. Click on Execute. This 272 
method will generate as output a set of around 100000 coordinates. 273 
 274 
4.7. Apply a consensus approach, so carry out a second picking method to select the 275 
particles in which both methods agree. Open sphire – cryolo picking14 and select the 276 
preprocessed micrographs as Input Micrographs, Use general model? to Yes, with a 277 
Confidence threshold of 0.3, and a Box Size of 150 (Supplemental Figure 8). Run it. This 278 
method should generate also around 100000 coordinates. 279 
 280 
4.8. Run xmipp3 – deep consensus picking22. As Input coordinates include the output of 281 
sphire – cryolo picking (step 4.7) and xmipp3 – auto-picking (step 4.6), set Select model type 282 
to Pretrained, and Skip training and score directly with pretrained model? To Yes 283 
(Supplemental Figure 9). Run it. 284 
 285 
4.9. Click on Analyze Results and, in the new window, on the eye icon next to Select 286 
particles/coordinates with high ‘zScoreDeepLearning1’ values. A new window will be opened 287 
with a list of all particles (Figure 4). The zScore values in the column give an insight into the 288 
quality of a particle, low values mean bad quality.  289 
 290 
4.9.1. Click on the label _xmipp_zScoreDeepLearning to order the particles from highest to 291 
lowest zScore. Select the particles with zScore higher than 0.75 and click on Coordinates to 292 
create the new subset. This should create a subset with approximately 50000 coordinates. 293 
 294 
4.10. Open xmipp3 – deep micrograph cleaner. Select as Input coordinates the subset 295 
obtained in the previous step, Micrographs source as same as coordinates, and keep Threshold 296 
at 0.75. Run it. Check in the Summary tab that the number of coordinates has been reduced, 297 
although in this case, only few coordinates are removed. 298 
 299 
NOTE: This step is able to additionally clean the set of coordinates and could be very useful in 300 
cleaning other datasets with more movie artifacts as carbon zones or large impurities. 301 
 302 
4.11. Run xmipp3 – extract particles (Supplemental Figure 10). Indicate as Input coordinates 303 
the coordinates obtained after the previous step, Micrographs source as other, Input 304 
micrographs as the output of step 2, CTF estimation as the output of the xmipp3 – ctf 305 
estimation, Downsampling factor to 3, and Particle box size to 100. In the Preprocess tab of 306 
the form select Yes to all. Run it. 307 
 308 



   

4.12. Check that the output should contain the particles in reduced size of 100x100 pixels and 309 
a pixel size of 4.02Å/px.  310 
 311 
4.13. Run again xmipp3 – extract particles changing the following parameters: 312 
Downsampling factor to 1, and Particle box size to 300. Check that the output is the same set 313 
of particles but now at the full resolution. 314 
 315 
5. 2D classification: grouping similar particles together 316 
 317 
5.1. Open the method cryosparc2 – 2d classification11 with Input particles as those obtained 318 
in step 4.11 and, in the 2D Classification tab, the Number of classes to 128, keep all the other 319 
parameters with the default values. Run it. 320 
 321 
5.2. Click on Analyze Results and then on the eye icon next to Display particle classes with 322 
Scipion (Figure 5). This classification will help to clean the set of particles, as several classes will 323 
appear noisy or with artifacts. Select the classes containing good views. Click on Particles (red 324 
button in the lower part of the window) to create the cleaner subset. 325 
 326 
5.3. Now, open xmipp3 – cl2d23 and set as Input images the images obtained in the previous 327 
step and Number of classes as 128. Click on Execute.  328 
 329 
NOTE: This second classification is used as additional cleaning step of the set of particles. 330 
Usually is useful to remove as much noisy particles as it is possible. However, if a simpler 331 
workflow is desired, only one 2D classification method can be used. 332 
 333 
5.4. When the method finishes, check the 128 generated classes by clicking on Analyze 334 
Results and on What to show: classes. Most of the generated classes show a projection of the 335 
macromolecule with some level of detail. However, some of them appear noisy (in this example 336 
approximately 10 classes). Select all the good classes and click on the Classes button to 337 
generate a new subset with only the good ones. This subset will be used as input to one of the 338 
methods to generate an initial volume. With the same selected classes click on Particles to 339 
create a cleaner subset after removing those belonging to the bad classes. 340 
 341 
5.5. Open pwem – subset with Full set of items as the output of 4.13 (all particles at the full 342 
size), Make random subset to No, Other set as the subset of particles created in the previous 343 
step, and Set operation as intersection. This will extract the previous subset from the particles 344 
at full resolution. 345 
 346 
6. Initial volume estimation: building the first guess of the 3D volume 347 
 348 
6.1. In this step, estimate two initial volumes with different methods and then use a 349 
consensus tool to generate the final estimated 3D volume. Open xmipp3 – reconstruct 350 
significant24 method with Input classes as those obtained after step 5, Symmetry group as c1, 351 
and keep the remaining parameters with their default values (Supplemental Figure 11). 352 



   

Execute it. 353 
 354 
6.2. Click on Analyze Results. Check that a low resolution volume of size 100x100x100 pixels 355 
and a pixel size of 4.02Å/px is obtained.  356 
 357 
6.3. Open xmipp3 – crop/resize volumes (Supplemental Figure 12) using as Input Volumes 358 
the one obtained in the previous step, Resize volumes? to Yes, Resize option to Sampling Rate, 359 
and Resize sampling rate to 1.34 Å/px. Run it. Check in the Summary tab that the output 360 
volume has the correct size. 361 
 362 
6.4. Now, create the second initial volume. Open relion – 3D initial model10, as Input 363 
particles use the good particles at full resolution (output of 5.5) and set Particle mask diameter 364 
to 402Å, keep the remaining parameters with the default values. Run it. 365 
 366 
6.5. Click on Analyze Results and then in Display volume with: slices. Check that a low 367 
resolution volume but with the main shape of the structure is obtained (Supplemental Figure 368 
13). 369 
 370 
6.6. Now, open pwem – join sets to combine the two generated initial volumes to create the 371 
input to the consensus method. Just indicate Volumes as Input type and select the two initial 372 
volumes in Input set. Run it. The output should be a set containing two items with both 373 
volumes. 374 
 375 
6.7. The consensus tool is the one included in xmipp3 – swarm consensus25. Open it. Use as 376 
Full-size Images the good particles at full resolution (output of 5.5), as Initial volumes the set 377 
with two items generated in the previous step, and be sure that Symmetry group is c1. Click on 378 
Execute.  379 
 380 
6.8. Click on Analyze Results. Check that a more detailed output volume is obtained (Figure 381 
6). Although there is more noise surrounding the structure, to have more details in the 382 
structure map will help the following refinement steps to avoid local minima. 383 
 384 
NOTE: If UCSF Chimera26 is available, use the last icon in the upper part of the window to make 385 
a 3D visualization of the obtained volume. 386 
 387 
6.9. Open and execute relion – 3D auto-refine10 to make a first 3D angular assignment of the 388 
particles. Select as Input particles the output of 5.5, and set Particle mask diameter to 402Å. In 389 
Reference 3D map tab, select as Input volume the one obtained in the previous step, 390 
Symmetry as c1, and Initial low-pass filter to 30Å (Supplemental Figure 14). 391 
 392 
6.10. Click on Analyze Results. In the new window select final as Volume to visualize and click 393 
on Display volume with: slices to see the obtained volume. Check also the Fourier shell 394 
correlation (FSC) by clicking on Display resolution plots in the results window and the angular 395 
coverage in Display angular distribution: 2D plot (Figure 7). The reconstructed volume contains 396 



   

much more details (probably with some blurred areas in the outer part of the structure), and 397 
the FSC crosses the threshold of 0.143 around 4.5Å. The angular coverage covers the whole 3D 398 
sphere. 399 
 400 
7. 3D classification: discovering conformational states 401 
 402 
7.1. Using a consensus approach, if different conformational states are in the data can be 403 
discovered. Open relion – 3D classification10 (Supplemental Figure 15). As Input particles use 404 
those just obtained in 6.10, and set Particle mask diameter to 402Å. In the Reference 3D map 405 
tab, use as Input volume the one obtained after step 6.10, set Symmetry to c1, and Initial low-406 
pass filter to 15Å. Finally, in Optimization tab, set the Number of classes to 3. Run it. 407 
 408 
7.2. Check the results by clicking on Analyze Results, select Show classification in Scipion. 409 
The three generated classes and some interesting measures are shown. The first two classes 410 
should have a similar number of assigned images (size column) and look very similar, whilst the 411 
third one has fewer images and a more blurred appearance. Also, the rlnAccuracyRotations 412 
and rlnAccuracyTranslations should be clearly better for the first two classes. Select the two 413 
best classes and click on the Classes button to generate a subset containing them. 414 
 415 
7.3. Repeat steps 7.1 and 7.2 to generate a second group of good classes. Both will be the 416 
input of the consensus tool. 417 
 418 
7.4. Open and run xmipp3 – consensus classes 3D and select as Input Classes the two 419 
subsets generated in the previous steps. 420 
 421 
7.5. Click on Analyze Results. The number of coincident particles between classes is 422 
presented: the first value is the number of coincident particles in the first class of subset 1 and 423 
the first class of subset 2, the second value is the number of coincident particles in the first 424 
class of subset 1 and the second class of subset 2, etc. Check that the particles are randomly 425 
assigned to classes one or two, which means that the 3D classification method is not able to 426 
find conformational changes. Given this result, the whole set of particles will be used to 427 
continue processing. 428 
 429 
8. 3D refinement: refining angular assignments of a homogeneous population 430 
 431 
8.1. Again, apply a consensus approach in this step. First, open and run pwem – subset with 432 
Full set of items as the output of 6.9, Make random subset to Yes, and Number of elements to 433 
5000. With this, a subset of images with a previous alignment to train the method used in the 434 
following step is created. 435 
 436 
8.2. Open xmipp3 – deep align, set Input images as the output of good particles obtained in 437 
5.5, Volume as the one obtained after 6.10, Input training set as the one created in the 438 
previous step, Target resolution to 10Å, and keep the remaining parameters with the default 439 
values (Supplemental Figure 16). Click on Execute. 440 



   

 441 
8.3. Click on Analyze Results to check the obtained angular distribution, where there are no 442 
missing directions and the angular coverage slightly improves compared to the one of 6.10 443 
(Figure 8). 444 
 445 
8.4. Open and execute xmipp3 – compare angles and select as Input particles 1 the output 446 
of 6.9 and Input particles 2 the output of 8.2, make sure that the Symmetry group is c1. This 447 
method calculates the agreement between xmipp3 – deep align and relion – 3D auto refine. 448 
 449 
8.5. Click on Analyze Results, the list of particles, with the obtained differences in shifts and 450 
angles, is shown. Click on the bar icon in the upper part of the window, another window will be 451 
opened that allows making plots of the calculated variables. Select _xmipp_angleDiff and click 452 
on Plot to see a representation of the angular differences per particle. Do the same with 453 
_xmipp_shiftDiff. In these figures, approximately in half of the particles both methods agree 454 
(Figure 9). Select the particles with angular differences lower than 10º and create a new subset. 455 
 456 
8.6. Now, open xmipp3 – highres27 to make a local refinement of the assigned angles. First, 457 
select as Full-size Images the images obtained in the previous step, and as Initial volumes the 458 
output of 6.9, set Radius of particle to 150 pixels, and Symmetry group as c1. In the Angular 459 
assignment tab, set the Image alignment to Local, Number of iterations to 1, and Max. Target 460 
Resolution as 5Å/px (Supplemental Figure 17). Run it. 461 
 462 
8.7. In the Summary tab check that the output volume is smaller than 300x300x300 pixels 463 
and with slightly higher pixel size. 464 
 465 
8.8. Click on Analyze Results to see the obtained results. Click on Display resolution plots to 466 
see the FSC, and on Display volume: Reconstructed to see the obtained volume (Supplemental 467 
Figure 18). A good resolution volume close to 4-3.5Å is obtained. 468 
 469 
8.9. Click on Display output particles and, in the window with the list of particles, click on 470 
the bar icon. In the new window, select Type as Histogram, with 100 Bins, select _xmipp_cost 471 
label, and finally press Plot (Supplemental Figure 19). This way, the histogram of the cost label 472 
is presented, which contains the correlation of the particle with the projection direction 473 
selected for it. In this case, a unimodal density function is obtained, which is a sign of not having 474 
different populations in the set of particles. Thus all of them will be used to continue the 475 
refinement 476 
 477 
NOTE: In case of seeing a multimodal density function, the set of particles belonging to the 478 
higher maximum should be selected to continue the workflow only with them. 479 
 480 
8.10. Open and execute again xmipp3 – highres with Continue from a previous run? to Yes, 481 
set as Full-size Images those obtained after 8.5, and Select previous run with the previous 482 
execution of Xmipp Highres. In the Angular assignment tab, set the Image alignment to Local, 483 
with 1 iteration and 2.6Å/px as target resolution (full resolution). 484 



   

 485 
8.11. Now the output should contain a volume at full resolution (size 300x300x300 pixels). 486 
Click on Analyze Results to check again the obtained volume and the FSC, which now should be 487 
a high resolution volume at around 3Å (Figure 10). 488 
  489 
9. Evaluation and post-processing 490 
 491 
9.1. Open xmipp3 – local MonoRes28. This method will calculate the resolution locally. Set as 492 
Input Volume the one obtained after 8.10, set Would you like to use half volumes? to Yes, and 493 
Resolution Range from 1 to 10Å. Run it. 494 
 495 
9.2. Click on Analyze Results and select Show resolution histogram and Show colored slices 496 
(Figure 11). The resolution in the different parts of the volume is shown. Most of the voxels of 497 
the central part of the structure should present resolutions around 3Å, whilst the worst 498 
resolutions are achieved in the outer parts. Also, a histogram of the resolutions per voxel is 499 
shown with a peak around (even below) 3Å. 500 
 501 
9.3. Open and run xmipp3 – localdeblur sharpening29 to apply a sharpening. Select as Input 502 
Map the one obtained in 8.10, and as Resolution Map the one obtained in the previous step 503 
with MonoRes. 504 
 505 
9.4. Click on Analyze Results to check the obtained volumes. Open the last one, 506 
corresponding to the last iteration of the algorithm. It is recommend opening the volume with 507 
other tools, such as UCSF Chimera26, to see better the features of the volume in 3D (Figure 12). 508 
 509 
9.5. Finally, open the validation tool included in xmipp3 – validate overfitting30 that will 510 
show how the resolution changes with the number of particles. Open it and include as Input 511 
particles the particles obtained in step 8.5, set Calculate the noise bound for resolution? to 512 
Yes, with Initial 3D reference volume as the output of 8.10. In Advanced options, set the 513 
Number of particles to “500 1000 1500 2000 3000 5000 10000 15000 20000” (Supplemental 514 
Figure 20). Run it. 515 
 516 
9.6. Click on Analyze results. Two plots will appear (Figure 13) with the evolution of the 517 
resolution, in the green line, as the number of particles used in the reconstruction grows. The 518 
red line represents the resolution achieved with a reconstruction of aligned Gaussian noise. The 519 
resolution improves with the number of particles and a great difference of the reconstruction 520 
from particles compared to the one from noise is observed, which is an indicator of having 521 
particles with good structural information. 522 
 523 
9.7. From the previous results, a fitting of a model in the post-processed volume could be 524 
carried out, which would allow discovering the biological structures of the macromolecule. 525 
 526 
REPRESENTATIVE RESULTS: 527 
We have used the dataset of the Plasmodium falciparum 80S Ribosome (EMPIAR entry: 10028, 528 



   

EMDB entry: 2660) to conduct the test and, with the Scipion protocol presented in the previous 529 
section, a high resolution 3D reconstructed volume of the macromolecule in this particular 530 
example has be achieved, beginning with the information gathered by the microscope that 531 
consist of very noisy images containing 2D projections in any orientation of the specimen. 532 
 533 
The main results obtained after running the whole protocol are presented in Figure 10, Figure 534 
11, and Figure 12. Figure 10 represents the obtained 3D volume before post-processing. In 535 
Figure 10a, an FSC of 3 Å can be seen, that it is very close to the Nyquist limit (with data with a 536 
pixel size of 1.34 Å, the Nyquist limit is 2.6 Å). Figure 10b shows some slices of the 537 
reconstructed 3D volume with high levels of details and well-defined structures. In Figure 11 538 
the results after locally analyze the resolution of the obtained 3D volume are presented. It can 539 
be seen that most of the voxels in the structure achieve a resolution below 3 Å, mainly those 540 
located in the central part of the structure. However, the outer part shows worse resolutions, 541 
what is consistent with the blurring appearing in those areas in the slices of Figure 10b. Figure 542 
12 shows the same 3D map after post-processing that is able to highlight the higher frequencies 543 
of the volume, revealing more details and improving the representation, which can be seen 544 
especially in the 3D presentation in Figure 12c.  545 
 546 
In Figure 14, Chimera26 was used to see a 3D representation of the obtained volume (Figure 547 
14a), the post-processed (Figure 14b), and the resolution map (Figure 14c), colored with the 548 
color code of the local resolutions. This can give even more information about the obtained 549 
structure. This tool is very useful to gain an insight into the quality of the obtained volume, as 550 
very small details in the whole 3D context of the structure can be seen. When the achieved 551 
resolution is enough, even some biochemical parts of the structure can be found (e.g., alpha-552 
helices in Figure 14d. In this figure, it must be highlighted the high resolution achieved in all the 553 
central parts of the 3D structure, which can be seen as the dark blue areas in Figure 14c. 554 
 555 
All the previous results were achieved thanks to a good performance of the whole protocol, but 556 
this might be not the case. There are several ways to identify a bad behavior. In the most 557 
general case, this happens when the obtained structure has low resolution and it is not able to 558 
evolve to a better one. One example of this is presented in Figure 15. A blurred volume (Figure 559 
15c) results in a low FSC, which can be seen in the FSC curve (Figure 15a) and the histogram of 560 
the local estimation (Figure 15b). This example was generated using a 3D refinement method 561 
with incorrect input data, as it was expecting some specific properties in the input set of 562 
particles that they do not fulfill. As can be seen, it is always very important to know how the 563 
different methods expect to receive the data and prepare it properly. In general, when an 564 
output like the one in Figure 15 is obtained, there might be a problem in the processing 565 
workflow or the underlying data.  566 
 567 
There are several checkpoints along the workflow that can be analyzed to know if the protocol 568 
evolves properly or not. For example, right after picking, several of the methods discussed 569 
earlier can rank the particles and give a score for each of them. In the case of having bad 570 
particles, these methods allow to identify and remove them. Also, the 2D classification can be a 571 
good indicator of having a bad set of particles. Figure 16 shows an example of such a bad set. In 572 



   

the Figure 16a, good classes containing some details of the structure are shown, while Figure 573 
16b shows bad classes, which are noisy or uncentered, in this last case it can be seen that the 574 
picking was incorrect and two particles seem to appear together. Another checkpoint is the 575 
initial volume estimation, Figure 17 shows an example of good (Figure 17a) and bad (Figure 576 
17b) initial estimations. The bad estimation was created using an incorrect setup for the 577 
method. It must be taken into account that all the setups should be done carefully, choosing 578 
appropriately every parameter according to the data being analyzed. In case of not having a 579 
map with some minimal structural information, the following refinement will be unable to 580 
obtain a good reconstruction. 581 
 582 
When the problem is a bad acquisition, in which the movies do not preserve structural 583 
information, it will be impossible to extract good particles from them and get a successful 584 
processing. In that case, more movies should be collected to get a high resolution 3D 585 
reconstruction. But, if this is not the case, there are several ways to manage problems along the 586 
processing workflow. If the picking is not good enough, there are several ways to try to fix it, 587 
e.g., repeating the picking, using different methods, or trying to manually pick more particles to 588 
help the methods to learn from them. During the 2D classification, if just a few classes are 589 
good, consider also to repeat the picking process. In the initial volume estimation, try to use 590 
several methods if some of them gave inaccurate results. The same applies to the 3D 591 
refinement. Following this reasoning, in this manuscript, several consensus tools have been 592 
presented, which could be very useful to avoid problems and continue the processing with 593 
accurate data. Thanks to using a consensus among several methods, we can discard data that 594 
are difficult to pick, classify, align, etc., which probably is an indicator of poor data. However, if 595 
several methods are able to agree in the generated output, probably these data contain 596 
valuable information with which to continue processing. 597 
 598 
We encourage the reader to download more datasets and try to process them following the 599 
recommendations presented in this manuscript and to create a similar workflow combining 600 
processing packages using Scipion. Trying to process a dataset is the best way to learn the 601 
power of the processing tools available in the state-of-the-art in Cryo-EM, to know the best 602 
rules to overcome the possible drawbacks appearing during the processing, and to boost the 603 
performance of the available methods in each specific test case. 604 
 605 
FIGURE AND TABLE LEGENDS: 606 
 607 
Figure 1. Movie alignment result. (a) The main window of the results, with a list of all the 608 
micrographs generated and additional information: the power spectral density, the trajectory 609 
of the estimated alignment in polar coordinates, the same in cartesian coordinates, the 610 
filename of the generated micrograph. (b) The alignment trajectory represented in cartesian 611 
coordinates. (c) The generated micrograph. 612 
 613 
Figure 2. CTF estimation with Ctffind result. The main window with the results includes a figure 614 
with the estimated PSD (in a corner) along with the PSD coming from the data, and several 615 
defocus params. 616 



   

 617 
Figure 3. Manual picking windows with Xmipp. (a) The main window with the list of 618 
micrographs to process and some other parameters. (b) Manually picking particles inside a 619 
region of a micrograph. (c) and (d) Automatically picked particles to be supervised to create a 620 
set of training particles for the Xmipp auto picking method. 621 
 622 
Figure 4. Deep consensus picking with Xmipp result. The parameter zScoreDeepLearning gives 623 
weight to the goodness of a particle and it is key to discovering bad particles. (a) The lowest 624 
zScores values are associated with artifacts. (b) The highest zScores are associated with 625 
particles containing the macromolecule. 626 
 627 
Figure 5. 2D classification with Cryosparc result. The classes generated (averages of subsets of 628 
particles coming from the same orientation) are shown. Several good classes selected in red 629 
(with some level of detail) and some bad classes non-selected (noisy and uncentered classes). 630 
 631 
Figure 6. 3D initial volume with swarm consensus result. A view of the 3D initial volume 632 
obtained after running the consensus tool xmipp3 – swarm consensus, using the previous 3D 633 
initial volume estimations of Xmipp and Relion. (a) The volume is represented by slices. (b) 3D 634 
visualization of the volume. 635 
 636 
Figure 7. Refinement of a 3D initial volume with Relion result. (a) FSC curve obtained, crossing 637 
the threshold at a 4.5Å, approximately. (b) Angular coverage shown as upper view of the 3D 638 
sphere. In this case, as there is no symmetry, the assigned particles should cover the whole 639 
sphere. (c) Refined volume represented by slices. 640 
 641 
Figure 8. 3D alignment based on deep learning with Xmipp result. The results generated by 642 
xmipp3 – deep align method for 3D alignment. (a) The angular assignment for every particle in 643 
the form of transformation matrix. (b) The angular coverage. 644 
 645 
Figure 9. 3D alignment consensus result. (a) List of particles with the obtained differences in 646 
shift and angles parameters. (b) Plot of the angular differences per particle. (c) Plot of the shift 647 
difference per particle. 648 
 649 
Figure 10. Final iteration of 3D refinement result. (a) FSC curve. (b) Obtained volume at full 650 
resolution by slices. 651 
 652 
Figure 11. Local resolution analysis with Xmipp result. Results of the method xmipp3 – local 653 
MonoRes. (a) Some representative slices colored with the resolution value per voxel, as 654 
indicated in the color code. (b) Local resolution histogram.  655 
 656 
Figure 12. Sharpening with Xmipp result. Results of xmipp3 – localdeblur sharpening method. 657 
(a) List of obtained volumes per iteration. (b) 3D volume obtained after the last iteration 658 
represented by slices. (c) A 3D representation of the final volume. 659 
 660 



   

Figure 13. Validate overfitting tool in Xmipp result. Results of xmipp3 – validation overfitting. 661 
The green line corresponds to reconstruction from data, the red line from noise. (a) Inverse of 662 
the squared resolution with the logarithm of the number of particles. (b) Resolution with the 663 
number of particles. 664 
 665 
Figure 14. Several 3D representations of the obtained volume. (a) Pre-processed volume. (b) 666 
Post-processed volume. (c) Local resolution, dark blue voxels are those with higher resolution 667 
(2.75Å) and dark red voxels are those with lower resolution (10.05Å). (d) Zoom in the post-668 
processed volume where an alpha-helix (red oval) can be seen. 669 
 670 
Figure 15. Example of a bad 3D reconstruction. (a) FSC curve with a sharp fall and crossing the 671 
threshold at low resolution. (b) Local resolution histogram. (c) 3D volume by slices. 672 
 673 
Figure 16. Example of 2D classes. (a) Good classes showing some level of detail. (b) Bad classes 674 
containing noise and artifacts (upper part obtained with Xmipp, lower with CryoSparc). 675 
 676 
Figure 17. Example of 3D initial volume with different qualities. (a) Good initial volume where 677 
the shape of the macromolecule can be observed. (b) Bad initial volume where the obtained 678 
shape is completely different from the expected one. 679 
 680 
SUPPLEMENTARY FILES: 681 
Supplemental Figure 1. Creating a Scipion project. Window displayed by Scipion where an old 682 
project can be selected or a new one can be created giving a name and a location for that 683 
project. 684 
 685 
Supplemental Figure 2. Import movies method. Window displayed by Scipion when pwem - 686 
import movies is open. Here, the main acquisition parameters must be included to let the 687 
movies available to be processed in Scipion. 688 
 689 
Supplemental Figure 3. Movie alignment method. Window displayed by Scipion when xmipp3 690 
– optical alignment is used. The input movies, the range of frames considered for alignment, 691 
and some other parameters to process the movies should be filled. 692 
 693 
Supplemental Figure 4. CTF estimation method with Ctffind. The form in Scipion with all the 694 
necessary fields to run the program Ctffind. 695 
 696 
Supplemental Figure 5. Wizard in Scipion. A wizard to help the user filling some parameters in 697 
the form. In this case, the wizard is to complete the resolution field in the grigoriefflab – ctffind 698 
method. 699 
 700 
Supplemental Figure 6. CTF refinement method with Xmipp. The form of xmipp3 – ctf 701 
estimation with all the parameters to make a refinement of a previously estimated CTF. 702 
 703 
Supplemental Figure 7. Preprocess micrographs method. The form of xmipp3 – preprocess 704 



   

micrographs that allows carrying out some operations over them. In this example, Remove bad 705 
pixels and Downsample micrographs is the useful one.  706 
 707 
Supplemental Figure 8. Picking method with Cryolo. The form to run the Cryolo picking 708 
method using a pretrained network. 709 
 710 
Supplemental Figure 9. Consensus picking method with Xmipp. The form of xmipp3 – deep 711 
consensus picking based on deep learning to calculate a consensus of coordinates, using a 712 
pretrained network over several sets of coordinates obtained with different picking methods. 713 
 714 
Supplemental Figure 10. Extract particles method. Input and preprocess tabs of xmipp3 – 715 
extract particles. 716 
 717 
Supplemental Figure 11. 3D initial volume method with Xmipp. The form of the method 718 
xmipp3 – reconstruct significant to obtain an initial 3D map. The Input and Criteria tabs are 719 
shown. 720 
 721 
Supplemental Figure 12. Resize volume method. The form to make a crop or resize of a 722 
volume. In this example, this method is used to generate a full size volume after xmipp3 – 723 
reconstruct significant. 724 
 725 
Supplemental Figure 13. 3D initial volume with Relion result. A view of the obtained 3D initial 726 
volume with relion – 3D initial model method by slices. 727 
 728 
Supplemental Figure 14. Refinement of the initial volume with Relion. The form of the 729 
method relion – 3D auto-refine. In this example, it was used to refine an initial volume 730 
estimated after consensus. The Input and Reference 3D map tabs are shown. 731 
 732 
Supplemental Figure 15. 3D classification method. Form of relion – 3D classification. The tabs 733 
Input, Reference 3D map, and Optimisation are shown. 734 
 735 
Supplemental Figure 16. 3D alignment based on a deep learning method. The form opened for 736 
the method xmipp3 – deep align. Here it is necessary to train a network with a training set, 737 
then that network will predict the angular assignment per particle. 738 
 739 
Supplemental Figure 17. 3D refinement method. Form of the xmipp3 – highres method. Tabs 740 
Input and Angular assignment are shown. 741 
 742 
Supplemental Figure 18. First iteration of 3D refinement result. (a) FSC curve. (b) Obtained 743 
volume (of a smaller size than the full resolution) represented as slices. 744 
 745 
Supplemental Figure 19. First iteration of 3D refinement correlation analysis. A new window 746 
appears by clicking on the bar icon in the upper part of the window with the list of particles. In 747 
Plot columns window a histogram of the desired estimated parameter can be created. 748 



   

 749 
Supplemental Figure 20. Validation overfitting tool. Form of xmipp3 – validate overfitting 750 
method. 751 
  752 
DISCUSSION: 753 
Currently, cryo-EM is a key tool to reveal the 3D structure of biological samples. When good 754 
data is collected with the microscope, the available processing tools will allow us to obtain a 3D 755 
reconstruction of the macromolecule under study. Cryo-EM data processing is able to achieve 756 
near-atomic resolution, which is key to understanding the functional behavior of a 757 
macromolecule and is also crucial in drug discovery. 758 
 759 
Scipion is a software that allows creating the whole workflow combining the most relevant 760 
image processing packages in an integrative way, which helps the traceability and 761 
reproducibility of the entire image-processing workflow. Scipion provides a very complete set 762 
of tools to carry out the processing; however, obtaining high resolutions reconstructions 763 
depends completely on the quality of the acquired data and how these data is processed.  764 
 765 
To get a high resolution 3D reconstruction, the first requirement is to obtain good movies from 766 
the microscope, which preserve structural information to high resolution. If this is not the case, 767 
the workflow will not be able to extract high definition information from the data. Then, a 768 
successful processing workflow should be able to extract particles that really correspond to the 769 
structure and to find the orientations of these particles in the 3D space. If any of the steps in 770 
the workflow fails, the quality of the reconstructed volume will be degraded. Scipion allows for 771 
using different packages in any of the processing steps, which helps to find the most adequate 772 
approach to process the data. Moreover, thanks to having many packages available, consensus 773 
tools, that boost the accuracy by finding an agreement in the estimated outputs of different 774 
methods, can be used. Also, it has been discussed in detail in the Representative Results section 775 
several validation tools and how to identify accurate and inaccurate results in every step of the 776 
workflow, to detect potential problems, and how to try to solve them. There are several 777 
checkpoints along the protocol that could help to realize if the protocol is running properly or 778 
not. Some of the most relevant are: picking, 2D classification, initial volume estimation, and 3D 779 
alignment. Checking the inputs, repeating the step with a different method, or using consensus, 780 
are options available in Scipion that the user can use to find solutions when issues appear.  781 
 782 
Regarding the previous approaches to package integration in the Cryo-EM field, Appion31 is the 783 
only one that allows real integration of different software packages. However, Appion is tightly 784 
connected with Leginon32, a system for automated collection of images from electron 785 
microscopes. The main difference with Scipion is that data model and storage are less coupled. 786 
In such a way, to create a new protocol in Scipion, only a Python script needs to be developed. 787 
However, in Appion, the developer must write the script and change the underlying database. 788 
In summary, Scipion was developed to simplify maintenance and extensibility. 789 
 790 
We have presented in this manuscript a complete workflow for Cryo-EM processing, using the 791 
real case dataset of the Plasmodium falciparum 80S Ribosome (EMPIAR entry: 10028, EMDB 792 



   

entry: 2660). The steps covered and discussed here can be summarized as movie alignment, 793 
CTF estimation, particle picking, 2D classification, initial map estimation, 3D classification, 3D 794 
refinement, evaluation, and post-processing. Different packages have been used and consensus 795 
tools were applied in several of these steps. The final 3D reconstructed volume achieved a 796 
resolution of 3 Å and, in the post-processed volume, some secondary structures can be 797 
distinguished, like alpha-helices, which helps to describe how atoms are arranged in space. 798 
 799 
The workflow presented in this manuscript shows how Scipion can be used to combine 800 
different Cryo-EM packages in a straightforward and integrative way to simplify the processing, 801 
and obtain more reliable result at the same time. 802 
 803 
In the future, the development of new methods and packages will keep growing and software 804 
like Scipion to easily integrate all of them will be even more important for the researchers. 805 
Consensus approaches will be more relevant even then, when plenty of methods with different 806 
basis will be available, helping to obtain more accurate estimations of all the parameters 807 
involve in the reconstruction process in Cryo-EM. Tracking and reproducibility are key in the 808 
research process and easier to achieve with Scipion thanks to having a common framework for 809 
the execution of complete workflows. 810 
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of the image processing workflow is to identify the acquisition parameters to be able to 
reconstruct the specimen under study. Scipion provides all the tools to create this workflow 
using several image processing packages in an integrative framework, also allowing the 
traceability of the results. In this article the whole image processing workflow in Scipion is 
presented and discussed with data coming from a real test case, giving all the details necessary 
to go from the movies obtained by the microscope to a high resolution final 3D reconstruction. 
Also, the power of using consensus tools that allow combining methods, and confirming results 
along every step of the workflow, improving the accuracy of the obtained results, is discussed. 
 
 
INTRODUCTION: 
In Cryo-Electron Microscopy (Cryo-EM), Single Particle Analysis (SPA) of vitrified frozen-
hydrated specimens is one of the most widely used and successful variants of imaging for 
biological macromolecules, as it allows to understand molecular interactions and the function 
of biological ensembles1. This is thanks to the recent advances in this imaging technique that 
gave rise to the “resolution revolution”2 and have allowed the successful determination of 
biological 3D structures with near-atomic resolution. Currently, the highest resolution achieved 
in SPA Cryo-EM was 1.15Å for apoferritin3 (EMDB entry: 11668). These technological advances 
comprise improvements in the sample preparation4, the image acquisition5, and the image 
processing methods6. This article is focused on this last point.  
 
Briefly, the goal of the image processing methods is to identify all the acquisition parameters to 
invert the imaging process of the microscope and recover the 3D structure of the biological 
specimen under study. These parameters are the gain of the camera, the beam-induced 
movement, the aberrations of the microscope (mainly the defocus), the 3D angular orientation 
and translation of each particle, and the conformational state in case of having a specimen with 
conformational changes. However, the number of parameters is very high and Cryo-EM 
requires using low-dose images to avoid radiation damage, which significantly reduces the 
Signal-to-Noise Ratio (SNR) of the acquired images. Thus, the problem cannot be unequivocally 
solved and all the parameters to be calculated only can be estimations. Along the image 
processing workflow, the correct parameters should be identified, discarding the remaining 
ones to finally obtain a high-resolution 3D reconstruction. 
 
The data generated by the microscope are gathered in frames. Simplifying, a frame contains the 
number of electrons that have arrived at a particular position (pixel) in the image, whenever 
electron-counting detectors are used. In a particular field of view, several frames are collected 
and this is called a movie. As low electron doses are used to avoid radiation damage that could 
destroy the sample, the SNR is very low and the frames corresponding to the same movie need 
to be averaged to obtain an image revealing structural information about the sample. However, 
not only a simple average is applied, the sample can suffer shifts and other kinds of movements 
during the imaging time due to the beam-induced movement that need to be compensated. 
The shift-compensated and averaged frames originate a micrograph. 



   

 

 
Once the micrographs are obtained, we need to estimate the aberrations introduced by the 
microscope for each of them, called Contrast Transfer Function (CTF), which represents the 
changes in the contrast of the micrograph as a function of frequency. Then, the particles can be 
selected and extracted, which is called particle picking. Every particle should be a small image 
containing only one copy of the specimen under study. There are three families of algorithms 
for particle picking: 1) the ones that only use some basic parameterization of the appearance of 
the particle to find them in the whole set of micrographs, e.g. particle size, 2) the ones that 
learn how the particles look like from the user or a pretrained set, and 3) the ones that use 
image templates. Each family has different properties that will be shown later. 
 
The extracted set of particles found in the micrographs will be used in a 2D classification 
process that has two goals: 1) cleaning the set of particles by discarding the subset containing 
pure noise images, overlapping particles, or other artifacts, and 2) the averaged particles 
representing each class could be used as initial information to calculate a 3D initial volume.  
 
The 3D initial volume calculation is the next crucial step. The problem of obtaining the 3D 
structure can be seen as an optimization problem in a multidimensional solution landscape, 
where the global minimum is the best 3D volume that represents the original structure, but 
several local minima representing suboptimal solutions can be found, and where it is very easy 
to get trapped. The initial volume represents the starting point for the searching process, so 
bad initial volume estimation could prevent us to find the global minimum. From the initial 
volume, a 3D classification step will help to discover different conformational states and to 
clean again the set of particles; the goal is to obtain a structurally homogeneous population of 
particles. After that, a 3D refinement step will be in charge of refining the angular and 
translation parameters for every particle to get the best 3D volume possible.  
 
Finally, in the last steps, the obtained 3D reconstruction can be sharpened and polished. 
Sharpening is a process of boosting the high frequencies of the reconstructed volume, and the 
polishing is a step to further refine some parameters, as CTF or beam-induced movement 
compensation, at the level of particles. Also, some validation procedures could be used to 
better understand the achieved resolution at the end of the workflow.  
 
After all these steps, the tracing and docking processes7 will help to give a biological meaning to 
the obtained 3D reconstruction, by building atomic models de novo or fitting existing models. If 
high resolution is achieved, these processes will tell us the positions of the biological structures, 
even of the different atoms, in our structure. 
 
Scipion8 allows creating the whole workflow combining the most relevant image processing 
packages in an integrative way. Xmipp9, Relion10, CryoSPARC11, Eman12, Spider13, Cryolo14, 
Ctffind15, CCP416, Phenix17, and many more packages can be included in Scipion. Also, it 
incorporates all the necessary tools to benefit the integration, interoperability, traceability, and 



   

 

reproducibility to make a full tracking of the entire image-processing workflow8. 
 
One of the most powerful tools that Scipion allows us to use is the consensus, which means to 
compare the results obtained with several methods in one step of the processing, making a 
combination of the information conveyed by different methods to generate a more accurate 
output. This could help to boost the performance and improve the achieved quality in the 
estimated parameters. Note that a simpler workflow can be build without the use of consensus 
methods; however, we have seen the power of this tool22,25 and the workflow presented in this 
manuscript will use it in several steps.  
 
All the steps that have been summarized in the previous paragraphs will be explained in detail 
in the following section and combined in a complete workflow using Scipion. Also, how to use 
the consensus tools to achieve a higher agreement in the generated outputs will be shown. To 
that end, the example dataset of the Plasmodium falciparum 80S Ribosome has been chosen 
(EMPIAR entry: 10028, EMDB entry: 2660). The dataset is formed by 600 movies of 16 frames of 
size 4096x4096 pixels at a pixel size of 1.34Å taken at an FEI POLARA 300 with an FEI FALCON II 
camera, with a reported resolution at EMDB is 3.2Å18 .  
 
 
PROTOCOL: 
 

1. Creating a project in Scipion and importing the data 
 

1. Open Scipion and click on Create Project, specify the name for the project and 
the location where it will be saved (Supplemental Figure 1).  
 

2. Scipion will open the project window showing a canvas with, on the left side, a 
panel with a list of available methods, each of them represents one image 
processing tool that you can use to manage your data.  
NOTE: Ctrl+F can be used to find a method if it does not appear in the list. 
 

3. To import the movies taken by the microscope select the pwem - import movies 
on the left panel (or type it when you press Ctrl+F). 
 

4. A new window will be opened (Supplemental Figure 2). There, include the path 
to the data, and the acquisition parameters. In this example, use the following 
setup: Microscope voltage 300kV, Spherical aberration 2.0mm, Amplitude 
Contrast 0.1, Magnification rate 50000, Sampling rate mode to From image, 
and Pixel size 1.34Å. When all the parameters in the form are filled, click on the 
Execute button.  
NOTE: When a method starts, a box appears in the canvas in yellow color labeled 
as running. When a method finishes, the box changes to green, and the label 



   

 

changes to finished. In case of an error during the execution of a method, the 
box will appear in red, labeled as failed. In that case, check the bottom part of 
the canvas, in the Output Log tab an explanation of the error will appear. 
 

5. When the method finishes, check the results in the bottom part of the canvas in 
the Summary tab. Here, the outputs generated by the method are presented, in 
this case, the set of movies. Click on Analyze Results button and a new window 
will appear with the list of movies. 

 
2. Movie alignment: from movies to micrographs 

 
1. The method xmipp3 – optical alignment which implements Optical flow19 will be 

used. The main parameters to fill in the form are the following (Supplemental 
Figure 3): the Input Movies are those obtained in step 1, the range in Frames to 
ALIGN is from 2 to 13, the other options stay with the default values. Execute the 
program. 
NOTE: The parameters in bold in a form, must be always filled. The others will 
have a default value or will not be obligatorily required. 
NOTE: In the upper part of the form window the fields where the computational 
resources are distributed can be found, as threads, MPIs, or GPUs.  

 
2. Click on Analyze Results to check the obtained micrographs and the trajectory of 

the estimated shifts (Figure 1). For every micrograph you can see: the power 
spectral density (PSD), the trajectories obtained to align the movie (one point 
per frame) in cartesian and polar coordinates, and the file name of the obtained 
micrograph (clicking on it, the micrograph can be inspected). Notice that the 
particles of the specimen are much more visible in the micrograph, as compared 
to a single frame of the movie. 

 
3. CTF estimation: calculating the aberrations of the microscope 

 
1. First, the method grigoriefflab – ctffind15 will be used. The setup is: the Input 

Micrographs are the output of step 2, the Manual CTF Downsampling factor is 
set to 1.5, and the Resolution range goes from 0.06 to 0.42. Moreover, in the 
Advanced options (that can be found by selecting this choice in the Expert Level 
of the form), set the Window size to 256. The remaining parameters stay with 
the default values (Supplemental Figure 4). 
NOTE: In most of the methods in Scipion the Advanced option shows more 
configuration parameters. Use these options carefully, when the program to be 
launched is completely known and the meaning of the parameters is 
understood. 
NOTE: Some parameters can be difficult to fill without having a look at the data; 



   

 

in that case, Scipion shows a magic wand on the right side that will show a 
wizard window (Supplemental Figure 5). For example, in the Resolution field of 
this form is especially useful, as these values should be selected to 
approximately cover the region from the first zero to the last noticeable ring of 
the PSD. 
 

2. Click on Execute and on Analyze Results (Figure 2) when the method finishes. 
Check that the estimated CTF matches with the experimental one. To that end, 
look at the PSD and compare the estimated rings in the corner with the ones 
coming from the data. You can check also the obtained defocus values to find 
any unexpected values and respective micrographs can be discarded or 
recalculated. In this example, the whole set of micrographs can be used. 
NOTE: Use the buttons in the bottom part of the window to make a subset of 
micrographs (with Micrographs red button) and to recalculate a CTF (with 
Recalculate CTFs red button), in case of needing. 
 

3. To refine the previous estimation xmipp3 – ctf estimation20 will be used. Select 
as Input Micrographs the output of step 2, select the option Use defoci from a 
previous CTF estimation, as Previous CTF estimation choose the output of 
grigoriefflab – ctffind, and, in the Advanced level, change the Window size to 
256 (Supplemental Figure 6). Run it. 
 

4. Click on Analyze Results to check the obtained CTFs. With this method, more 
data is estimated and represented in some extra columns. As none of them show 
incorrect estimated values, all the micrographs will be used in the following 
steps. 

 
4. Particle picking: finding particles in the micrographs 

 
1. Before starting the picking, a preprocess of the micrographs will be carried out. 

Open xmipp3 – preprocess micrographs, set as Input micrographs those 
obtained in step 2 and select the options Remove bad pixels? with Multiple of 
Stddev to 5, and Downsample micrographs? with a Downsampling factor of 2 
(Supplemental Figure 7). Click on Execute and check that the size of the resulting 
micrographs has been reduced. 
 

2. For the picking use xmipp3 – manual-picking (step 1) and xmipp3 – auto-picking 
(step 2)21. The manual picking allows to manually prepare a set of particles with 
which the auto-picking step will learn and generate the complete set of particles. 
First, run xmipp3 – manual-picking (step 1) with Input Micrographs as the 
micrographs obtained in the previous preprocess. Click on Execute and a new 
interactive window will appear (Figure 3). 



   

 

 
3. In this window a list of the micrographs (Figure 3 (a)) and other options is 

presented. Change Size (px) to 150, this will be the size of the box containing 
each particle. The selected micrograph appears in a bigger window. Choose a 
region and pick all the visible particles in it (Figure 3 (b)). Then, click on Activate 
Training to start the learning. The remaining regions of the micrograph are 
automatically picked (Figure 3 (c)). Check the picked particles and include more 
by clicking on it, or remove the incorrect ones with shift+clicking, if necessary. 
 

4. Select the next micrograph in the first window. The micrograph will be 
automatically picked. Check again to include or remove some particles, if 
necessary. Repeat this step with, approximately, 5 micrographs to create a 
representative training set. 
 

5. Once this is done, click on Coordinates in the main window to save the 
coordinates of all the picked particles. The training set of particles is ready to go 
to the auto picking to complete the process for all micrographs. 
 

6. Open xmipp3 – auto-picking (step 2) indicating in Xmipp particle picking run the 
previous manual picking, and Micrographs to pick as Same as supervised. Click 
on Execute. This method will generate as output a set of around 100000 
coordinates. 
 

7. A consensus approach is going to be applied, so a second picking method will be 
carried out to select the particles in which both methods agree. Open sphire – 
cryolo picking14 and select the preprocessed micrographs as Input Micrographs, 
Use general model? to Yes, with a Confidence threshold of 0.3, and a Box Size 
of 150 (Supplemental Figure 8). Run it. This method should generate also around 
100000 coordinates. 
 

8. Run xmipp3 – deep consensus picking22. As Input coordinates include the 
output of sphire – cryolo picking (step 4.7) and xmipp3 – auto-picking (step 4.6), 
set Select model type to Pretrained, and Skip training and score directly with 
pretrained model? To Yes (Supplemental Figure 9). Run it. 
 

9. Click on Analyze Results and, in the new window, on the eye icon next to Select 
particles/coordinates with high ‘zScoreDeepLearning1’ values. A new window 
will be opened with a list of all particles (Figure 4). The zScore values in the 
column give an insight into the quality of a particle, low values mean bad quality. 
Click on the label _xmipp_zScoreDeepLearning to order the particles from 
highest to lowest zScore. Select the particles with zScore higher than 0.75 and 
click on Coordinates to create the new subset. This should create a subset with 



   

 

approximately 50000 coordinates. 
 

10. Open xmipp3 – deep micrograph cleaner. Select as Input coordinates the subset 
obtained in the previous step, Micrographs source as same as coordinates, and 
keep Threshold at 0.75. Run it. Check in the Summary tab that the number of 
coordinates has been reduced, although in this case, only few coordinates are 
removed. 
NOTE: This step is able to additionally clean the set of coordinates and could be 
very useful in cleaning other datasets with more movie artifacts as carbon zones 
or large impurities. 

 
11. Run xmipp3 – extract particles (Supplemental Figure 10). Indicate as Input 

coordinates the coordinates obtained after the previous step, Micrographs 
source as other, Input micrographs as the output of step 2, CTF estimation as 
the output of the xmipp3 – ctf estimation, Downsampling factor to 3, and 
Particle box size to 100. In the Preprocess tab of the form select Yes to all. Run 
it. 
 

12. Check that the output should contain the particles in reduced size of 100x100 
pixels and a pixel size of 4.02Å/px.  
 

13. Run again xmipp3 – extract particles changing the following parameters: 
Downsampling factor to 1, and Particle box size to 300. Check that the output is 
the same set of particles but now at the full resolution. 

 
5. 2D classification: grouping similar particles together 

 
1. Open the method cryosparc2 – 2d classification11 with Input particles as those 

obtained in step 4.11 and, in the 2D Classification tab, the Number of classes to 
128, keep all the other parameters with the default values. Run it. 
 

2. Click on Analyze Results and then on the eye icon next to Display particle classes 
with Scipion (Figure 5). This classification will help us to clean our set of 
particles, as several classes will appear noisy or with artifacts. Select the classes 
containing good views. Click on Particles (red button in the lower part of the 
window) to create the cleaner subset. 
 

3. Now, open xmipp3 – cl2d23 and set as Input images the images obtained in the 
previous step and Number of classes as 128. Click on Execute.  
NOTE: This second classification is used as additional cleaning step of the set of 
particles. Usually is useful to remove as much noisy particles as it is possible. 
However, if a simpler workflow is desired, only one 2D classification method can 



   

 

be used. 
 

4. When the method finishes, check the 128 generated classes by clicking on 
Analyze Results and on What to show: classes. Most of the generated classes 
show a projection of the macromolecule with some level of detail. However, 
some of them appear noisy (in this example approximately 10 classes). Select all 
the good classes and click on the Classes button to generate a new subset with 
only the good ones. This subset will be used as input to one of the methods to 
generate an initial volume. With the same selected classes click on Particles to 
create a cleaner subset after removing those belonging to the bad classes. 
 

5. Open pwem – subset with Full set of items as the output of 4.13 (all particles at 
the full size), Make random subset to No, Other set as the subset of particles 
created in the previous step, and Set operation as intersection. This will extract 
the previous subset from the particles at full resolution. 

 
6. Initial volume estimation: building the first guess of the 3D volume 

 
1. In this step two initial volumes will be estimated with different methods and 

then, a consensus tool will generate the final estimated 3D volume. Open 
xmipp3 – reconstruct significant24 method with Input classes as those obtained 
after step 5, Symmetry group as c1, and keep the remaining parameters with 
their default values (Supplemental Figure 11). Execute it. 
 

2. Click on Analyze Results. Check that a low resolution volume of size 
100x100x100 pixels and a pixel size of 4.02Å/px is obtained.  
 

3. Open xmipp3 – crop/resize volumes (Supplemental Figure 12) using as Input 
Volumes the one obtained in the previous step, Resize volumes? to Yes, Resize 
option to Sampling Rate, and Resize sampling rate to 1.34Å/px. Run it. Check in 
the Summary tab that the output volume has the correct size. 
 

4. Now, the second initial volume will be created. Open relion – 3D initial model10, 
as Input particles use the good particles at full resolution (output of 5.5) and set 
Particle mask diameter to 402Å, keep the remaining parameters with the 
default values. Run it. 
 

5. Click on Analyze Results and then in Display volume with: slices. Check that a 
low resolution volume but with the main shape of the structure is obtained 
(Supplemental Figure 13). 
 

6. Now, open pwem – join sets to combine the two generated initial volumes to 



   

 

create the input to the consensus method. Just indicate Volumes as Input type 
and select the two initial volumes in Input set. Run it. The output should be a set 
containing two items with both volumes. 
 

7. The consensus tool is the one included in xmipp3 – swarm consensus25. Open it. 
Use as Full-size Images the good particles at full resolution (output of 5.5), as 
Initial volumes the set with two items generated in the previous step, and be 
sure that Symmetry group is c1. Click on Execute.  
 

8. Click on Analyze Results. Check that a more detailed output volume is obtained 
(Figure 6). Although there is more noise surrounding the structure, to have more 
details in the structure map will help the following refinement steps to avoid 
local minima. 
NOTE: If UCSF Chimera26 is available, use the last icon in the upper part of the 
window to make a 3D visualization of the obtained volume. 
 

9. Open and execute relion – 3D auto-refine10 to make a first 3D angular 
assignment of the particles. Select as Input particles the output of 5.5, and set 
Particle mask diameter to 402Å. In Reference 3D map tab, select as Input 
volume the one obtained in the previous step, Symmetry as c1, and Initial low-
pass filter to 30Å (Supplemental Figure 14). 
 

10. Click on Analyze Results. In the new window select final as Volume to visualize 
and click on Display volume with: slices to see the obtained volume. Check also 
the Fourier shell correlation (FSC) by clicking on Display resolution plots in the 
results window and the angular coverage in Display angular distribution: 2D plot 
(Figure 7). The reconstructed volume contains much more details (probably with 
some blurred areas in the outer part of the structure), and the FSC crosses the 
threshold of 0.143 around 4.5Å. The angular coverage covers the whole 3D 
sphere. 

 
7. 3D classification: discovering conformational states 

 
1. Using a consensus approach, if different conformational states are in the data 

can be discovered. Open relion – 3D classification10 (Supplemental Figure 15). 
As Input particles use those just obtained in 6.10, and set Particle mask 
diameter to 402Å. In the Reference 3D map tab, use as Input volume the one 
obtained after step 6.10, set Symmetry to c1, and Initial low-pass filter to 15Å. 
Finally, in Optimization tab, set the Number of classes to 3. Run it. 
 

2. Check the results by clicking on Analyze Results, select Show classification in 
Scipion. The three generated classes and some interesting measures are shown. 



   

 

The first two classes should have a similar number of assigned images (size 
column) and look very similar, whilst the third one has fewer images and a more 
blurred appearance. Also, the rlnAccuracyRotations and 
rlnAccuracyTranslations should be clearly better for the first two classes. Select 
the two best classes and click on the Classes button to generate a subset 
containing them. 
 

3. Repeat steps 7.1 and 7.2 to generate a second group of good classes. Both will 
be the input of the consensus tool. 
 

4. Open and run xmipp3 – consensus classes 3D and select as Input Classes the 
two subsets generated in the previous steps. 
 

5. Click on Analyze Results. The number of coincident particles between classes is 
presented, i.e., the first value is the number of coincident particles in the first 
class of subset 1 and the first class of subset 2, the second value is the number of 
coincident particles in the first class of subset 1 and the second class of subset 2, 
etc. Check that the particles are randomly assigned to classes one or two, which 
means that the 3D classification method is not able to find conformational 
changes. Given this result, the whole set of particles will be used to continue 
processing. 

 
8. 3D refinement: refining angular assignments of a homogeneous population 

 
1. Again, a consensus approach will be applied in this step. First, open and run 

pwem – subset with Full set of items as the output of 6.9, Make random subset 
to Yes, and Number of elements to 5000. With this, a subset of images with a 
previous alignment to train the method used in the following step is created. 
 

2. Open xmipp3 – deep align, set Input images as the output of good particles 
obtained in 5.5, Volume as the one obtained after 6.10, Input training set as the 
one created in the previous step, Target resolution to 10Å, and keep the 
remaining parameters with the default values (Supplemental Figure 16). Click on 
Execute. 
 

3. Click on Analyze Results to check the obtained angular distribution, where there 
are no missing directions and the angular coverage slightly improves compared 
to the one of 6.10 (Figure 8). 
 

4. Open and execute xmipp3 – compare angles and select as Input particles 1 the 
output of 6.9 and Input particles 2 the output of 8.2, make sure that the 
Symmetry group is c1. This method calculates the agreement between xmipp3 – 



   

 

deep align and relion – 3D auto refine. 
 

5. Click on Analyze Results, the list of particles, with the obtained differences in 
shifts and angles, is shown. Click on the bar icon in the upper part of the window, 
another window will be opened that allows making plots of the calculated 
variables. Select _xmipp_angleDiff and click on Plot to see a representation of 
the angular differences per particle. Do the same with _xmipp_shiftDiff. In these 
figures, approximately in half of the particles both methods agree (Figure 9). 
Select the particles with angular differences lower than 10º and create a new 
subset. 
 

6. Now, open xmipp3 – highres27 to make a local refinement of the assigned 
angles. First, select as Full-size Images the images obtained in the previous step, 
and as Initial volumes the output of 6.9, set Radius of particle to 150 pixels, and 
Symmetry group as c1. In the Angular assignment tab, set the Image alignment 
to Local, Number of iterations to 1, and Max. Target Resolution as 5Å/px 
(Supplemental Figure 17). Run it. 
 

7. In the Summary tab check that the output volume is smaller than 300x300x300 
pixels and with slightly higher pixel size. 
 

8. Click on Analyze Results to see the obtained results. Click on Display resolution 
plots to see the FSC, and on Display volume: Reconstructed to see the obtained 
volume (Supplemental Figure 18). A good resolution volume close to 4-3.5Å is 
obtained. 
 

9. Click on Display output particles and, in the window with the list of particles, 
click on the bar icon. In the new window, select Type as Histogram, with 100 
Bins, select _xmipp_cost label, and finally press Plot (Supplemental Figure 19). 
This way, the histogram of the cost label is presented, which contains the 
correlation of the particle with the projection direction selected for it. In this 
case, a unimodal density function is obtained, which is a sign of not having 
different populations in the set of particles. Thus all of them will be used to 
continue the refinement 
NOTE: In case of seeing a multimodal density function, the set of particles 
belonging to the higher maximum should be selected to continue the workflow 
only with them. 
 

10. Open and execute again xmipp3 – highres with Continue from a previous run? 
to Yes, set as Full-size Images those obtained after 8.5, and Select previous run 
with the previous execution of Xmipp Highres. In the Angular assignment tab, set 
the Image alignment to Local, with 1 iteration and 2.6Å/px as target resolution 



   

 

(full resolution). 
 

11. Now the output should contain a volume at full resolution (size 300x300x300 
pixels). Click on Analyze Results to check again the obtained volume and the FSC, 
which now should be a high resolution volume at around 3Å (Figure 10). 

  
9. Evaluation and post-processing 

 
1. Open xmipp3 – local MonoRes28. This method will calculate the resolution 

locally. Set as Input Volume the one obtained after 8.10, set Would you like to 
use half volumes? to Yes, and Resolution Range from 1 to 10Å. Run it. 
 

2. Click on Analyze Results and select Show resolution histogram and Show 
colored slices (Figure 11). The resolution in the different parts of the volume is 
shown. Most of the voxels of the central part of the structure should present 
resolutions around 3Å, whilst the worst resolutions are achieved in the outer 
parts. Also, a histogram of the resolutions per voxel is shown with a peak around 
(even below) 3Å. 
 

3. Open and run xmipp3 – localdeblur sharpening29 to apply a sharpening. Select 
as Input Map the one obtained in 8.10, and as Resolution Map the one obtained 
in the previous step with MonoRes. 
 

4. Click on Analyze Results to check the obtained volumes. Open the last one, 
corresponding to the last iteration of the algorithm. It is recommend opening the 
volume with other tools, such as UCSF Chimera26, to see better the features of 
the volume in 3D (Figure 12). 
 

5. Finally, open the validation tool included in xmipp3 – validate overfitting30 that 
will show how the resolution changes with the number of particles. Open it and 
include as Input particles the particles obtained in step 8.5, set Calculate the 
noise bound for resolution? to Yes, with Initial 3D reference volume as the 
output of 8.10. In Advanced options, set the Number of particles to “500 1000 
1500 2000 3000 5000 10000 15000 20000” (Supplemental Figure 20). Run it. 
 

6. Click on Analyze results. Two plots will appear (Figure 13) with the evolution of 
the resolution, in the green line, as the number of particles used in the 
reconstruction grows. The red line represents the resolution achieved with a 
reconstruction of aligned Gaussian noise. The resolution improves with the 
number of particles and a great difference of the reconstruction from particles 
compared to the one from noise is observed, which is an indicator of having 
particles with good structural information. 



   

 

 
7. From the previous results, a fitting of a model in the post-processed volume 

could be carried out, which would allow discovering the biological structures of 
the macromolecule. 

 
  

 
REPRESENTATIVE RESULTS: 
We have used the dataset of the Plasmodium falciparum 80S Ribosome (EMPIAR entry: 10028, 
EMDB entry: 2660) to conduct our test and, with the Scipion protocol presented in the previous 
section, a high resolution 3D reconstructed volume of the macromolecule in this particular 
example has be achieved, beginning with the information gathered by the microscope that 
consist of very noisy images containing 2D projections in any orientation of the specimen. 
 
The main results obtained after running the whole protocol are presented in Figures 10, 11, and 
12. Figure 10 represents the obtained 3D volume before post-processing. In part (a) of the 
figure, an FSC of 3Å can be seen, that it is very close to the Nyquist limit (with data with a pixel 
size of 1.34Å, the Nyquist limit is 2.6Å). Part (b) of the figure shows some slices of the 
reconstructed 3D volume with high levels of details and well-defined structures. In Figure 11 
the results after locally analyze the resolution of the obtained 3D volume are presented. It can 
be seen that most of the voxels in the structure achieve a resolution below 3Å, mainly those 
located in the central part of the structure. However, the outer part shows worse resolutions, 
what is consistent with the blurring appearing in those areas in the slices of Figure 10 (b). Figure 
12 shows the same 3D map after post-processing that is able to highlight the higher frequencies 
of the volume, revealing more details and improving the representation, which can be seen 
especially in the 3D presentation of part (c) of the figure.  
 
In Figure 14, Chimera26 was used to see a 3D representation of the obtained volume (a), the 
post-processed (b), and the resolution map (c), colored with the color code of the local 
resolutions. This can give even more information about the obtained structure. This tool is very 
useful to gain an insight into the quality of the obtained volume, as very small details in the 
whole 3D context of the structure can be seen. When the achieved resolution is enough, even 
some biochemical parts of the structure can be found, e.g. alpha-helices (d). In this figure, it 
must be highlighted the high resolution achieved in all the central parts of the 3D structure, 
which can be seen as the dark blue areas in part (c) of the figure. 
 
All the previous results were achieved thanks to a good performance of the whole protocol, but 
this might be not the case. There are several ways to identify a bad behavior. In the most 
general case, this happens when the obtained structure has low resolution and it is not able to 
evolve to a better one. One example of this is presented in Figure 15. A blurred volume (c) 
results in a low FSC, which can be seen in the FSC curve (a) and the histogram of the local 
estimation (b). This example was generated using a 3D refinement method with incorrect input 



   

 

data, as it was expecting some specific properties in the input set of particles that they do not 
fulfill. As can be seen, it is always very important to know how the different methods expect to 
receive the data and prepare it properly. In general, when an output like the one in Figure 15 is 
obtained, there might be a problem in the processing workflow or the underlying data.  
 
There are several checkpoints along the workflow that can be analyzed to know if the protocol 
evolves properly or not. For example, right after picking, several of the methods discussed 
earlier are able to rank the particles and give a score for each of them. In the case of having bad 
particles, these methods allow to identify and remove them. Also, the 2D classification can be a 
good indicator of having a bad set of particles. Figure 16 shows an example of such a bad set. In 
the part (a) of the figure, good classes containing some details of the structure are shown, while 
part (b) shows bad classes, which are noisy or uncentered, in this last case it can be seen that 
the picking was incorrect and two particles seem to appear together. Another checkpoint is the 
initial volume estimation, Figure 17 shows an example of good (a) and bad (b) initial 
estimations. The bad estimation was created using an incorrect setup for the method. It must 
be taken into account that all the setups should be done carefully, choosing appropriately every 
parameter according to the data being analyzed. In case of not having a map with some 
minimal structural information, the following refinement will be unable to obtain a good 
reconstruction. 
 
When the problem is a bad acquisition, in which the movies do not preserve structural 
information, it will be impossible to extract good particles from them and get a successful 
processing. In that case, more movies should be collected to get a high resolution 3D 
reconstruction. But, if this is not the case, there are several ways to manage problems along the 
processing workflow. If the picking is not good enough, there are several ways to try to fix it, 
e.g., repeating the picking, using different methods, or trying to manually pick more particles to 
help the methods to learn from them. During the 2D classification, if just a few classes are 
good, consider also to repeat the picking process. In the initial volume estimation, try to use 
several methods if some of them gave inaccurate results. The same applies to the 3D 
refinement. Following this reasoning, in this manuscript, several consensus tools have been 
presented, which could be very useful to avoid problems and continue the processing with 
accurate data. Thanks to using a consensus among several methods, we can discard data that 
are difficult to pick, classify, align, etc., which probably is an indicator of poor data. However, if 
several methods are able to agree in the generated output, probably these data contain 
valuable information with which to continue processing. 
 
We encourage the reader to download more datasets and try to process them following the 
recommendations presented in this manuscript and to create a similar workflow combining 
processing packages using Scipion. Trying to process a dataset is the best way to learn the 
power of the processing tools available in the state-of-the-art in Cryo-EM, to know the best 
rules to overcome the possible drawbacks appearing during the processing, and to boost the 
performance of the available methods in each specific test case. 



   

 

 
 
FIGURE AND TABLE LEGENDS: 
 
Figure 1. Movie alignment result. (a) The main window of the results, with a list of all the 
micrographs generated and additional information: the power spectral density, the trajectory 
of the estimated alignment in polar coordinates, the same in cartesian coordinates, the 
filename of the generated micrograph. (b) The alignment trajectory represented in cartesian 
coordinates. (c) The generated micrograph. 
 
Figure 2. CTF estimation with Ctffind result. The main window with the results includes a figure 
with the estimated PSD (in a corner) along with the PSD coming from the data, and several 
defocus params. 
 
Figure 3. Manual picking windows with Xmipp. (a) The main window with the list of 
micrographs to process and some other parameters. (b) Manually picking particles inside a 
region of a micrograph. (c) and (d) Automatically picked particles to be supervised to create a 
set of training particles for the Xmipp auto picking method. 
 
Figure 4. Deep consensus picking with Xmipp result. The parameter zScoreDeepLearning gives 
weight to the goodness of a particle and it is key to discovering bad particles. (a) The lowest 
zScores values are associated with artifacts. (b) The highest zScores are associated with 
particles containing the macromolecule. 
 
Figure 5. 2D classification with Cryosparc result. The classes generated (averages of subsets of 
particles coming from the same orientation) are shown. Several good classes selected in red 
(with some level of detail) and some bad classes non-selected (noisy and uncentered classes). 
 
Figure 6. 3D initial volume with swarm consensus result. A view of the 3D initial volume 
obtained after running the consensus tool  xmipp3 – swarm consensus, using the previous 3D 
initial volume estimations of Xmipp and Relion. (a) The volume is represented by slices. (b) 3D 
visualization of the volume. 
 
Figure 7. Refinement of a 3D initial volume with Relion result. (a) FSC curve obtained, crossing 
the threshold at a 4.5Å, approximately. (b) Angular coverage shown as upper view of the 3D 
sphere. In this case, as there is no symmetry, the assigned particles should cover the whole 
sphere. (c) Refined volume represented by slices. 
 
Figure 8. 3D alignment based on deep learning with Xmipp result. The results generated by 
xmipp3 – deep align method for 3D alignment. (a) The angular assignment for every particle in 
the form of transformation matrix. (b) The angular coverage. 
 



   

 

Figure 9. 3D alignment consensus result. (a) List of particles with the obtained differences in 
shift and angles parameters. (b) Plot of the angular differences per particle. (c) Plot of the shift 
difference per particle. 
 
Figure 10. Final iteration of 3D refinement result. (a) FSC curve. (b) Obtained volume at full 
resolution by slices. 
 
Figure 11. Local resolution analysis with Xmipp result. Results of the method xmipp3 – local 
MonoRes. (a) Some representative slices colored with the resolution value per voxel, as 
indicated in the color code. (b) Local resolution histogram.  
 
Figure 12. Sharpening with Xmipp result. Results of xmipp3 – localdeblur sharpening method. 
(a) List of obtained volumes per iteration. (b) 3D volume obtained after the last iteration 
represented by slices. (c) A 3D representation of the final volume. 
 
Figure 13. Validate overfitting tool in Xmipp result. Results of xmipp3 – validation overfitting. 
The green line corresponds to reconstruction from data, the red line from noise. (a) Inverse of 
the squared resolution with the logarithm of the number of particles. (b) Resolution with the 
number of particles. 
 
Figure 14. Several 3D representations of the obtained volume. (a) Pre-processed volume. (b) 
Post-processed volume. (c) Local resolution, dark blue voxels are those with higher resolution 
(2.75Å) and dark red voxels are those with lower resolution (10.05Å). (d) Zoom in the post-
processed volume where an alpha-helix (red oval) can be seen. 
 
Figure 15. Example of a bad 3D reconstruction. (a) FSC curve with a sharp fall and crossing the 
threshold at low resolution. (b) Local resolution histogram. (c) 3D volume by slices. 
 
Figure 16. Example of 2D classes. (a) Good classes showing some level of detail. (b) Bad classes 
containing noise and artifacts (upper part obtained with Xmipp, lower with CryoSparc). 
 
Figure 17. Example of 3D initial volume with different qualities. (a) Good initial volume where 
the shape of the macromolecule can be observed. (b) Bad initial volume where the obtained 
shape is completely different from the expected one. 
 
 
 
SUPPLEMENTARY FILES: 
 
Supplemental Figure 1. Creating a Scipion project. Window displayed by Scipion where an old 
project can be selected or a new one can be created giving a name and a location for that 
project. 



   

 

 
Supplemental Figure 2. Import movies method. Window displayed by Scipion when pwem - 
import movies is open. Here, the main acquisition parameters must be included to let the 
movies available to be processed in Scipion. 
 
Supplemental Figure 3. Movie alignment method. Window displayed by Scipion when xmipp3 
– optical alignment is used. The input movies, the range of frames considered for alignment, 
and some other parameters to process the movies should be filled. 
 
Supplemental Figure 4. CTF estimation method with Ctffind. The form in Scipion with all the 
necessary fields to run the program Ctffind. 
 
Supplemental Figure 5. Wizard in Scipion. A wizard to help the user filling some parameters in 
the form. In this case, the wizard is to complete the resolution field in the  grigoriefflab – 
ctffind method. 
 
Supplemental Figure 6. CTF refinement method with Xmipp. The form of xmipp3 – ctf 
estimation with all the parameters to make a refinement of a previously estimated CTF. 
 
Supplemental Figure 7. Preprocess micrographs method. The form of xmipp3 – preprocess 
micrographs that allows carrying out some operations over them. In this example, Remove bad 
pixels and Downsample micrographs is the useful one.  
 
Supplemental Figure 8. Picking method with Cryolo. The form to run the Cryolo picking 
method using a pretrained network. 
 
Supplemental Figure 9. Consensus picking method with Xmipp. The form of xmipp3 – deep 
consensus picking based on deep learning to calculate a consensus of coordinates, using a 
pretrained network over several sets of coordinates obtained with different picking methods. 
 
Supplemental Figure 10. Extract particles method. Input and preprocess tabs of xmipp3 – 
extract particles. 
 
Supplemental Figure 11. 3D initial volume method with Xmipp. The form of the method 
xmipp3 – reconstruct significant to obtain an initial 3D map. The Input and Criteria tabs are 
shown. 
 
Supplemental Figure 12. Resize volume method. The form to make a crop or resize of a 
volume. In this example, this method is used to generate a full size volume after  xmipp3 – 
reconstruct significant. 
 
Supplemental Figure 13. 3D initial volume with Relion result. A view of the obtained 3D initial 



   

 

volume with  relion – 3D initial model method by slices. 
 
Supplemental Figure 14. Refinement of the initial volume with Relion. The form of the 
method relion – 3D auto-refine. In this example, it was used to refine an initial volume 
estimated after consensus. The Input and Reference 3D map tabs are shown. 
 
Supplemental Figure 15. 3D classification method. Form of relion – 3D classification. The tabs 
Input, Reference 3D map, and Optimisation are shown. 
 
Supplemental Figure 16. 3D alignment based on a deep learning method. The form opened for 
the method xmipp3 – deep align. Here it is necessary to train a network with a training set, 
then that network will predict the angular assignment per particle. 
 
Supplemental Figure 17. 3D refinement method. Form of the xmipp3 – highres method. Tabs 
Input and Angular assignment are shown. 
 
Supplemental Figure 18. First iteration of 3D refinement result. (a) FSC curve. (b) Obtained 
volume (of a smaller size than the full resolution) represented as slices. 
 
Supplemental Figure 19. First iteration of 3D refinement correlation analysis. A new window 
appears by clicking on the bar icon in the upper part of the window with the list of particles. In 
Plot columns window a histogram of the desired estimated parameter can be created. 
 
Supplemental Figure 20. Validation overfitting tool. Form of xmipp3 – validate overfitting 
method. 
  
 
DISCUSSION: 
Currently, Cryo-EM is a key tool to reveal the 3D structure of biological samples. When good 
data is collected with the microscope, the available processing tools will allow us to obtain a 3D 
reconstruction of the macromolecule under study. Cryo-EM data processing is able to achieve 
near-atomic resolution, which is key to understanding the functional behavior of a 
macromolecule and is also crucial in drug discovery. 
 
Scipion is a software that allows creating the whole workflow combining the most relevant 
image processing packages in an integrative way, which helps the traceability and 
reproducibility of the entire image-processing workflow. Scipion provides a very complete set 
of tools to carry out the processing; however, obtaining high resolutions reconstructions 
depends completely on the quality of the acquired data and how these data is processed.  
 
To get a high resolution 3D reconstruction, first to obtain good movies from the microscope is 
required, which preserve structural information to high resolution. If this is not the case, the 



   

 

workflow will not be able to extract high definition information from the data. Then, a 
successful processing workflow should be able to extract particles that really correspond to the 
structure and to find the orientations of these particles in the 3D space. If any of the steps in 
the workflow fails, the quality of the reconstructed volume will be degraded. Scipion allows for 
using different packages in any of the processing steps, which helps to find the most adequate 
approach to process the data. Moreover, thanks to having many packages available, consensus 
tools, that boost the accuracy by finding an agreement in the estimated outputs of different 
methods, can be used. Also, it has been discussed in detail in the Representative Results section 
several validation tools and how to identify accurate and inaccurate results in every step of the 
workflow, to detect potential problems, and how to try to solve them. There are several 
checkpoints along the protocol that could help to realize if the protocol is running properly or 
not. Some of the most relevant are: picking, 2D classification, initial volume estimation, and 3D 
alignment. Checking the inputs, repeating the step with a different method, or using consensus, 
are options available in Scipion that the user can use to find solutions when issues appear.  
 
Regarding the previous approaches to package integration in the Cryo-EM field, Appion31 is the 
only one that allows real integration of different software packages. However, Appion is tightly 
connected with Leginon32, a system for automated collection of images from electron 
microscopes. So the main difference with Scipion is that data model and storage are less 
coupled. In such a way, to create a new protocol in Scipion, only a Python script needs to be 
developed. However, in Appion, the developer must write the script and change the underlying 
database. In summary, Scipion was developed to simplify maintenance and extensibility. 
 
We have presented in this manuscript a complete workflow for Cryo-EM processing, using the 
real case dataset of the Plasmodium falciparum 80S Ribosome (EMPIAR entry: 10028, EMDB 
entry: 2660). The steps covered and discussed here can be summarized as movie alignment, 
CTF estimation, particle picking, 2D classification, initial map estimation, 3D classification, 3D 
refinement, evaluation, and post-processing. Different packages haven been used and 
consensus tools were applied in several of these steps. The final 3D reconstructed volume 
achieved a resolution of 3Å and, in the post-processed volume, some secondary structures can 
be distinguished, like alpha-helices, which helps to describe how atoms are arranged in space. 
 
The workflow presented in this manuscript shows how Scipion can be used to combine 
different Cryo-EM packages in a straightforward and integrative way to simplify the processing, 
and obtain more reliable result at the same time. 
 
In the future, the development of new methods and packages will keep growing and software 
like Scipion to easily integrate all of them will be even more important for the researchers. 
Consensus approaches will be more relevant even then, when plenty of methods with different 
basis will be available, helping to obtain more accurate estimations of all the parameters 
involve in the reconstruction process in Cryo-EM. Tracking and reproducibility are key in the 
research process and easier to achieve with Scipion thanks to having a common framework for 



   

 

the execution of complete workflows. 
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processing workflow with multiple steps to obtain the final 3D reconstructed volume. The goal 
of the image processing workflow is to identify the acquisition parameters to be able to 
reconstruct the specimen under study. Scipion software provides all the tools to create this 
workflow using several image processing packages in an integrative framework, also allowing 
the traceability of the results. In this article the whole image processing workflow in Scipion is 
presented and discussed with data coming from a real test case, giving all the details necessary 
to go from the movies obtained by the microscope to a high resolution final 3D reconstruction. 
Also, we discuss the power of using consensus tools that allow combining methods, and 
confirming results along every step of the workflow, improving the accuracy of the obtained 
results, is discussed. 
 
 
INTRODUCTION: 
In Cryo-Electron Microscopy (Cryo-EM), Single Particle Analysis (SPA) of vitrified frozen-
hydrated specimens is one of the most widely used and successful variants of imaging for 
biological macromolecules, as it allows to understand molecular interactions and the function 
of biological ensembles1. This is thanks to the recent advances in this imaging technique that 
gave rise to the “resolution revolution”2 and have allowed to successfully determiningthe 
successful determination of biological 3D structures with near-atomic resolution. Currently, the 
highest resolution achieved in SPA Cryo-EM was 1.15Å for apoferritin3 (EMDB entry: 11668). 
These technological advances comprise improvements in the sample preparation4, the image 
acquisition5, and the image processing methods6. In tThis article, we are going to is focused on 
this last point.  
 
ShortlyBriefly, the goal of the image processing methods is to identify all the acquisition 
parameters to invert the imaging process of the microscope and recover the 3D structure of the 
biological specimen under study. These parameters are the gain of the camera, the beam-
induced movement, the aberrations of the microscope (mainly the defocus), the 3D angular 
orientation and translation of each particle, and the conformational state in case of having a 
specimen with conformational changes. Finding them, the acquisition process followed by the 
microscope could be inverted. However, the number of parameters is very high and  Cryo-EM 
requires using low-dose images to avoid radiation damage, which significantly reduces the 
Signal-to-Noise Ratio (SNR) of the acquired images. Thus, the problem cannot be unequivocally 
solved and all the parameters to be calculated , giving that we have very noisy data, only can be 
estimations. Along the image processing workflow, we have to identify the correct ones 
parameters should be identified, and discarding the remaining ones to finally obtain a high-
resolution 3D reconstruction. 
 
The data generated by the microscope are gathered in frames. Simplifying, a frame contains the 
number of electrons that have arrived at a particular position (pixel) in the image, whenever 
electron-counting detectors are used. In a particular field of view, several frames are collected 
and this is called a movie. As low electron doses are used to avoid radiation damage that could 



   

 

destroy the sample, the SNR is very low and the frames corresponding to the same movie need 
to be averaged to obtain an image revealing structural information about the sample. However, 
not only a simple average is applied, the sample can suffer shifts and other kinds of movements 
during the imaging time due to the beam-induced movement that need to be compensated. 
The shift-compensated and averaged frames originate a micrograph. 
 
Once the micrographs are obtained, we need to estimate the aberrations introduced by the 
microscope for each of them, called Contrast Transfer Function (CTF), which represents the 
changes in the contrast of the micrograph as a function of frequency. Then, the particles can be 
selected and extracted, which is called particle picking. Every particle should be a small image 
containing only one copy of the specimen under study. There are three families of algorithms 
for particle picking: 1) the ones that only use some basic parameterization of the appearance of 
the particle to find them in the whole set of micrographs, e.g. particle size, 2) the ones that 
learn how the particles look like from the user or a pretrained set, and 3) the ones that use 
image templates. Each family has different properties and we will show how several of them 
work.that will be shown later. 
 
The extracted set of particles found in the micrographs will be used in a 2D classification 
process that has two goals: 1) cleaning the set of particles by discarding the subset containing 
pure noise images, overlapping particles, or other artifacts, and 2) the averaged particles 
representing each class could be used as initial information to calculate a 3D initial volume.  
 
The 3D initial volume calculation is the next crucial step. We can see theThe problem of 
obtaining the 3D structure can be seen as an optimization problem in a multidimensional 
solution landscape, where the global minimum is the best 3D volume that represents the 
original structure, but several local minima representing suboptimal solutions can be found, 
and where it is very easy to get trapped. The initial volume represents the starting point for the 
searching process, so bad initial volume estimation could prevent us to find the global 
minimum. From the initial volume, a 3D classification step will help to discover different 
conformational states and to clean again the set of particles; the goal is to obtain a structurally 
homogeneous population of particles. After that, a 3D refinement step will be in charge of 
refining the angular and translation parameters for every particle with respect to get the best 
3D volume possible.  
 
Finally, in the lasttest steps, the obtained 3D reconstruction can be sharpened and polished. 
Sharpening is a process of boosting the high frequencies of the reconstructed volume, and the 
polishing is a step to further refine some parameters, as CTF or beam-induced movement 
compensation, at the level of particles. Also, some validation procedures could be used to 
better understand the achieved resolution at the end of the workflow.  
 
After all these steps, the tracing and docking processes7 will help to give a biological meaning to 
the obtained 3D reconstruction, by building atomic models de novo or fitting existing models. If 



   

 

high resolution is achieved, these processes will tell us the positions of the biological structures, 
even of the different atoms, in our structure. 
 
Scipion8 software allows creating the whole workflow combining the most relevant image 
processing packages in an integrative way. Xmipp9, Relion10, CryoSPARC11, Eman12, Spider13, 
Cryolo14, Ctffind15, CCP416, Phenix17, and many more packages can be included in Scipion. Also, 
it incorporates all the necessary tools to benefit the integration, interoperability, traceability, 
and reproducibility to make a full tracking of the entire image-processing workflow8. 
 
One of the most powerful tools that Scipion allows us to use is the consensus, which means to 
compare the results obtained with several methods in one step of the processing, making a 
combination of the information conveyed by different methods to generate a more accurate 
output. This could help to boost the performance and improve the achieved quality in the 
estimated parameters. Note that a simpler workflow can be build without the use of consensus 
methods; however, we have seen the power of this tool22,25 and the workflow presented in this 
manuscript will use it in several steps.  
 
All the steps that have been summarized in the previous paragraphs will be explained in detail 
in the following section and combined in a complete workflow using Scipion. Also, we will show 
how to use the consensus tools to achieve a higher agreement in the generated outputs will be 
shown. To that end, the example dataset of the Plasmodium falciparum 80S Ribosome has been 
chosen (EMPIAR entry: 10028, EMDB entry: 2660). The dataset is formed by 600 movies of 16 
frames of size 4096x4096 pixels at a pixel size of 1.34Å taken at an FEI POLARA 300 with an FEI 
FALCON II camera, with a reported resolution at EMDB is 3.2Å18 .  
 
 
PROTOCOL: 
 

1. Creating a project in Scipion and importing the data 
1.  

1. Open Scipion and click on Create Project, you can specify the name for your the 
project and the location where it will be saved (Supplemental Figure 1).  
1.  

2. Scipion will open the project window where you will seeshowing a canvas 
andwith, on the left side, you will find a panel with a list of available methods, 
each of them represents one image processing tool that you can use to manage 
your data.  
NOTE: If you do not find a method in this list, you can use Ctrl+F can be used to 
find a method if it does not appear in the listit. 
 

3. To import the movies taken by the microscope select the pwem - import movies 
on the left panel (or type it when you press Ctrl+F). 
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3.  
4. A new window will be opened (Supplemental Figure 2)., Tthere, you have to 

include the path to your the data, and the acquisition parameters. In our this 
example, we will use the following setup: Microscope voltage 300kV, Spherical 
aberration 2.0mm, Amplitude Contrast 0.1, Magnification rate 50000, Sampling 
rate mode to From image, and Pixel size 1.34Å. When all the parameters in the 
form are filled, click on the Execute button.  
NOTE: Gain and dark correction can be carried out by including these files in the 
form. Both are distortions introduced by the camera that produces a non-
uniform readout when a uniform electron illumination is presented. 
NOTE: When a method starts, a box appears in the canvas in yellow color labeled 
as running. When a method finishes, the box changes to green, and the label 
changes to finished.  
NOTE: In case of an error during the execution of a method, the box will appear 
in red, labeled as failed. In that case, check the bottom part of the canvas, in the 
Output Log tab an explanation of the error will appear. 
 

5. When the method finishes, check the results in the bottom part of the canvas in 
the Summary tab. Here, you have the outputs generated by the method are 
presented, in this case, the set of movies. If you clickClick on Analyze Results 
button and a new window will appear with the list of movies (Figure 1). 

 
2. Movie alignment: from movies to micrographs 

2.  
1. We are going to useThe method xmipp3 – optical alignment which implements 

Optical flow19 will be used.. This method expresses the deformation field of 
every frame using a high order Taylor expansion.The main parameters to fill in 
the form are the following (Supplemental Figure 3): the Input Movies are those 
obtained in step 1, the range in Frames to ALIGN is from 2 to 13, the other 
options stay with the default values. Execute the program. 
1.  

2. The main parameters to fill in the form are the following (Supplemental Figure 
3): the Input Movies are those obtained in step 1, the range in Frames to ALIGN 
is from 2 to 13, the other options stay with the default values. Execute the 
program. 
NOTE: The parameters in bold in a form, must be always filled. The others will 
have a default value or will not be obligatorily required. 
NOTE: In the upper part of the form window you can see the fields where you 
can distribute the computational resources are distributed can be found, as 
threads, MPIs, or GPUs.  

 
3.2. Click on Analyze Results to check the obtained micrographs and the 
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trajectory of the estimated shifts (Figure 12). For every micrograph you can see: 
the power spectral density (PSD), the trajectories obtained to align the movie 
(one point per frame) in cartesian and polar coordinates, and the file name of 
the obtained micrograph (clicking on it, the micrograph can be inspected). Notice 
that the particles of the specimen are much more visible in the micrograph, as 
compared to a single frame of the movie. 

 
3. CTF estimation: calculating the aberrations of the microscope 

3.  
1. First, we are going to use the method grigoriefflab – ctffind15 will be used.. The 

setup is: the Input Micrographs are the output of step 2, the Manual CTF 
Downsampling factor is set to 1.5, and the Resolution range goes from 0.06 to 
0.42. Moreover, in the Advanced options (that can be found by selecting this 
choice in the Expert Level of the form), set the Window size to 256. The 
remaining parameters stay with the default values (Supplemental Figure 4). 
NOTE: In most of the methods in Scipion the Advanced option shows more 
configuration parameters. Use these options carefully, when the program to be 
launched is completely known and the meaning of the parameters is 
understood. 
NOTE: Some parameters can be difficult to fill without having a look at the data; 
in that case, Scipion shows a magic wand on the right side that will show a 
wizard window (Supplemental Figure 5). For example, in the Resolution field of 
this form is especially useful, as these values should be selected to 
approximately cover the region from the first zero to the last noticeable ring of 
the PSD. 
 

2. Click on Execute and oin Analyze Results (Figure 23) when the method finishes. 
Check that the estimated CTF matches with the experimental one. To that end, 
look at the PSD and compare the estimated rings in the corner with the ones 
coming from the data. You can check also the obtained defocus values to find 
any unexpected values and respective micrographs can be discarded or 
recalculated. In this example, we can continue with the whole set of micrographs 
can be used. 
NOTE: Use the buttons in the bottom part of the window to make a subset of 
micrographs (with Micrographs red button) and to recalculate a CTF (with 
Recalculate CTFs red button), in case of needing. 
 

3. We are going toTo refine the previous estimation using xmipp3 – ctf 
estimation20 will be used.. Select as Input Micrographs the output of step 2, 
select the option Use defoci from a previous CTF estimation, as Previous CTF 
estimation choose the output of grigoriefflab – ctffind, and, in the Advanced 
level, change the Window size to 256 (Supplemental Figure 6). Run it. 
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3.  
4. Click on Analyze Results to check the obtained CTFs. With this method, more 

data is estimated and represented in some extra columns (Figure 4). We are 
going to continue processing with all the micrographs, asAs none of them should 
show incorrect estimated values, all the micrographs will be used in the 
following steps. 

 
4. Particle picking: finding particles in the micrographs 

4.  
1. Before starting the picking, we are going toa preprocess of the micrographs will 

be carried out, to reduce the size and thus accelerate the picking process. Open 
xmipp3 – preprocess micrographs, set as Input micrographs those obtained in 
step 2 and select the options Remove bad pixels? with Multiple of Stddev to 5, 
and Downsample micrographs? with a Downsampling factor of 2 (Supplemental 
Figure 7). Click on Execute and check that the size of the resulting micrographs 
has been reduced. 
1.  

2. For the picking we are going to use xmipp3 – manual-picking (step 1) and 
xmipp3 – auto-picking (step 2)21. This is a method based on a classifier that 
learns from an input provided by the user. The manual picking allows us to 
manually prepare a set of particles with which the auto-picking step will learn 
and generate the complete set of particles. First, run xmipp3 – manual-picking 
(step 1) with Input Micrographs as the micrographs obtained in the previous 
preprocess. Click on Execute and a new interactive window will appear (Figure 
35). 
2.  

3. In this window you will see a list of your the micrographs (Figure 53 (a)) and 
other options is presented. Change Size (px) to 150, this will be the size of the 
box containing each particle. The selected micrograph appears in a bigger 
window. Here you should chooseChoose a region and pick all the visible particles 
in it (Figure 53 (b)). Then, click on Activate Training to start the learning. You will 
see how theThe remaining regions of the micrograph are automatically picked 
(Figure 35 (c)). You can checkCheck the picked particles and include more by 
clicking on it, or remove the incorrect ones with shift+clicking, if necessary. 
3.  

4. Select the next micrograph in the first window. The micrograph will be 
automatically picked. Check again if you want to include or remove some 
particles, if necessary. Repeat this step with, approximately, 5 micrographs to 
create a representative training set. 
4.  

5. Once this is done, click on Coordinates in the main window to save the 
coordinates of all the picked particles. The training set of particles is ready to go 
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to the auto picking to complete the process for all micrographs. 
5.  

6. Open xmipp3 – auto-picking (step 2) indicating in Xmipp particle picking run the 
previous manual picking, and Micrographs to pick as Same as supervised. Click 
on Execute. This method will generate as output a set of around one 
thousand100000 coordinates. 
6.  

7. We are going to use a consensus approach, so we want to use another picking 
method to finally select the particles in which both methods agree, thus 
removing noisy coordinates. A consensus approach is going to be applied, so a 
second picking method will be carried out to select the particles in which both 
methods agree. OOpen sphire – cryolo picking14 and select the preprocessed 
micrographs as Input Micrographs, Use general model? to Yes, with a 
Confidence threshold of 0.3, and a Box Size of 150 (Supplemental Figure 8). 
Thus, we are skipping the training using a pretrained network. Run it. This 
method should generate also around one thousand100000 particlescoordinates. 
7.  

8. Run xmipp3 – deep consensus picking22. As Input coordinates include the 
output of sphire – cryolo picking (step 4.7) and xmipp3 – auto-picking (step 4.6), 
set Select model type to Pretrained, and Skip training and score directly with 
pretrained model? To Yes (Supplemental Figure 9). Run it. 
8.  

9. Click on Analyze Results and, in the new window, on the eye icon next to Select 
particles/coordinates with high ‘zScoreDeepLearning1’ values. A new window 
will be opened with a list of all particles (Figure 46). The zScore values in the 
column give an insight into the quality of a particle, low values mean bad quality, 
so we are going to select the subset of particles with the highest values. Click on 
the label _xmipp_zScoreDeepLearning to order the particles from highest to 
lowest zScore. Select the particles with zScore higher than 0.75 and click on 
Coordinates to create the new subset. This should create a subset with 
approximately 50000 coordinates. 
9.  

10. Open xmipp3 – deep micrograph cleaner. We are going to use this method to 
additionally clean the selected coordinates by removing those coming from 
carbon zones or large impurities. Select as Input coordinates the subset obtained 
in the previous step, Micrographs source as same as coordinates, and keep 
Threshold at 0.75. Run it. Check in the Summary tab that the number of 
coordinates has been reduced, although in this case, only few coordinates are 
removed. 
NOTE: This step is able to additionally clean the set of coordinates and could be 
very useful in cleaning the picked coordinates in other datasets with more movie 
artifacts as carbon zones or large impurities. 
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11. Run xmipp3 – extract particles (Supplemental Figure 10). Indicate as Input 

coordinates the coordinates obtained after the previous step, Micrographs 
source as other, Input micrographs as the output of step 2, CTF estimation as 
the output of the xmipp3 – ctf estimation, Downsampling factor to 3, and 
Particle box size to 100. In the Preprocess tab of the form select Yes to all. Run 
it. 
11.  

12. Check that Tthe output should contain the particles in reduced size of 100x100 
pixels and a pixel size of 4.02Å/px. This set will be useful in the following 2D 
classification, as a reduced size will help to reduce the computational complexity 
of that step. 
12.  

13. Run again xmipp3 – extract particles changing the following parameters: 
Downsampling factor to 1, and Particle box size to 300. Check that Tthe output 
should beis the same set of particles but now at the full resolution (Figure 7). 

 
5. 2D classification: grouping similar particles together 

5.  
1. We are going to useOpen the method cryosparc2 – 2d classification11 with Input 

particles as those obtained in step 4.11 and, in the 2D Classification tab, the 
Number of classes to 128, keep all the other parameters with the default values. 
Run it. 
1.  

2. Click on Analyze Results and then on the eye icon next to Display particle classes 
with Scipion (Figure 58). This classification will help us to clean our set of 
particles, as several classes will appear noisy or with artifacts. Select the classes 
containing good views. Click on Particles (red button in the lower part of the 
window) to create the cleaner subset. 
2.  

3. Now, open xmipp3 – cl2d23 and set as Input images the images obtained in the 
previous step and Number of classes as 128. Click on Execute.  
 NOTE: This second classification is used as additional cleaning step of the set of 
particles. Usually is useful to remove as much noisy particles as it is possible. 
However, if a simpler workflow is desired, only one 2D classification method can 
be used. 
3.  

4. When the method finishes, check the 128 generated classes by clicking on 
Analyze Results and on What to show: classes. You will see that mostMost of 
the generated classes show a projection of the macromolecule with some level 
of detail. However, some of them will appear noisy (in this example 
approximately 10 classes). Select all the good classes and click on the Classes 
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button to generate a new subset with only the good ones (Figure 9). This subset 
will be used as input to one of the methods to generate an initial volume. With 
the same selected classes click on Particles to create a cleaner subset after 
removing those belonging to the bad classes. 
4.  

5. Open pwem – subset with Full set of items as the output of 4.13 (all particles at 
the full size), Make random subset to No, Other set as the subset of particles 
created in the previous step, and Set operation as intersection. This will extract 
the previous subset from the particles at full resolution. 

 
6. Initial volume estimation: building the first guess of the 3D volume 

6.  
1. In this step two initial volumes will be estimated with different methods and 

then, a consensus tool will generate the final estimated 3D volume. Open 
xmipp3 – reconstruct significant24 method with Input classes as those obtained 
after step 5, Symmetry group as c1, and keep the remaining parameters with 
their default values (Supplemental Figure 11). Execute it. 
1.  

2. Click on Analyze Results (Figure 10). You should seeCheck that a low resolution 
volume of size 100x100x100 pixels and a pixel size of 4.02Å/px is obtained.  
2.  

3. We are going to resize this initial volume to obtain one at the original sampling 
rate. Open xmipp3 – crop/resize volumes (Supplemental Figure 12) using as 
Input Volumes the one obtained in the previous step, Resize volumes? to Yes, 
Resize option to Sampling Rate, and Resize sampling rate to 1.34Å/px. Run it. 
Check in the Summary tab that the output volume has the correct size. 
3.  

4. Now, we are going to create the second initial volume will be created. Open 
relion – 3D initial model10, as Input particles use the good particles at full 
resolution (output of 5.5) and set Particle mask diameter to 402Å, keep the 
remaining parameters with the default values. Run it. 
4.  

5. Click on Analyze Results and then in Display volume with: slices to check the 
generated volume. Again, you should seeCheck that a low resolution volume but 
with the main shape of the structure is obtained (Supplemental Figure 13). 
5.  

6. Now, we need to useopen pwem – join sets to combine the two generated initial 
volumes to create the input to the consensus method. Just indicate Volumes as 
Input type and select the two initial volumes in Input set. Run it. The output 
should be a set containing two items with both volumes. 
6.  

7. The consensus tool is the one included in xmipp3 – swarm consensus25. Open it. 
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Use as Full-size Images the good particles at full resolution (output of 5.5), as 
Initial volumes the set with two items generated in the previous step, and be 
sure that Symmetry group is c1. Click on Execute. This method will try to 
generate an output optimizing the correlation between volumes and particles, 
using swarm optimization.  
7.  

8. Click on Analyze Results. You should see some more details in Check that a more 
detailed the output volume is obtained (Figure 611). Although there is more 
noise surrounding the structure, to have more details in the structure map  will 
help the following refinement steps to avoid local minima. 
NOTE: If you have installed UCSF Chimera26 is available, you can use the last icon 
in the upper part of the window to make a 3D visualization of the obtained 
volume. 
 

9. Open and execute relion – 3D auto-refine10 to make a first 3D angular 
assignment of the particles. Select as Input particles the output of 5.5, and set 
Particle mask diameter to 402Å. In Reference 3D map tab, select as Input 
volume the one obtained in the previous step, Symmetry as c1, and Initial low-
pass filter to 30Å (Supplemental Figure 14). 
9.  

10. Click on Analyze Results. In the new window select final as Volume to visualize 
and click on Display volume with: slices to see the obtained volume. You can 
cCheck also the Fourier shell correlation (FSC) by clicking on Display resolution 
plots in the results window and the angular coverage in Display angular 
distribution: 2D plot (Figure 712). The reconstructed volume should contains 
much more details (probably with some blurred areas in the outer part of the 
structure), and an the FSC crossing crosses the threshold of 0.143 around 4.5Å. 
The angular coverage , represented as an upper view of the 3D sphere, should 
covers the whole 3D sphere as there is no symmetry in this structure and no 
missing directions should appear. 

 
7. 3D classification: discovering conformational states 

7.  
1. Using a consensus approach, we are going to discover if this dataset contains if 

different conformational states are in the data can be discovered. Open relion – 
3D classification10 (Supplemental Figure 15). As Input particles use those just 
obtained in 6.10, and set Particle mask diameter to 402Å. In the Reference 3D 
map tab, use as Input volume the one obtained after step 6.10, set Symmetry to 
c1, and Initial low-pass filter to 15Å. Finally, in Optimization tab, set the 
Number of classes to 3. Run it. 
1.  

2. Check the results by clicking on Analyze Results, select Show classification in 
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Scipion. You will see tThe three generated classes and some interesting 
measures are shown (Figure 13). The first two classes should have a similar 
number of assigned images (size column) and look very similar, whilst the third 
one has fewer images and a more blurred appearance. Also, the 
rlnAccuracyRotations and rlnAccuracyTranslations should be clearly better for 
the first two classes. Select the two best classes and click on the Classes button 
to generate a subset containing them. 
2.  

3. Repeat steps 7.1 and 7.2 to generate a second group of good classes. Both will 
be the input of the consensus tool. 
3.  

4. Open and run xmipp3 – consensus classes 3D and select as Input Classes the 
two subsets generated in the previous steps. 
4.  

5. Click on Analyze Results (Figure 14). Here, you will see theThe number of 
coincident particles between classes is presented, i.e., the first value is the 
number of coincident particles in the first class of subset 1 and the first class of 
subset 2, the second value is the number of coincident particles in the first class 
of subset 1 and the second class of subset 2, etc. You should seeCheck in these 
results that the particles are randomly assigned to classes one or two, which 
means that the 3D classification method is not able to find conformational 
changes. Given this result, we can continue the processing with the whole set of 
particles will be used to continue processing, considering just one homogeneous 
population. 

 
8. 3D refinement: refining angular assignments of a homogeneous population 

8.  
1. The goal is to make an accurate 3D angular assignment to the particles, 
which will give as a result a 3D volume of high resolution. Again, we will rely on a 
consensus approach. We are going to use xmipp3 – deep align to make a new 
angular assignment. This method uses deep learning and it needs a training set 
to train the network. 

1. Again, a consensus approach will be applied in this step. First, Oopen and run 
pwem – subset with Full set of items as the output of 6.9, Make random subset 
to Yes, and Number of elements to 5000. With this, we create a subset of 
images with a previous alignment to train the method used in the following 
stepnetwork is created. 
2.  

2. Open xmipp3 – deep align, set Input images as the output of good particles 
obtained in 5.5, Volume as the one obtained after 6.10, Input training set as the 
one created in the previous step, Target resolution to 10Å, and keep the 
remaining parameters with the default values (Supplemental Figure 16). Click on 
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Execute. 
3.  

3. The output of this method will be the set of particles with the new angular 
assignments. Clicking on Analyze Results we have the option to check the 
obtained angular distribution, where we can check that there are no missing 
directions and that the angular coverage slightly improves compared to the one 
of 6.10 (Figure 815). 
4.  

4. Now, we are going to calculate the agreement between xmipp3 – deep align and 
relion – 3D auto-refine. Open and execute xmipp3 – compare angles and select 
as Input particles 1 the output of 6.9 and Input particles 2 the output of 8.32, 
make sure that the Symmetry group is c1. This method calculates the differences 
between the output of both methods in the estimated angles and shifts. the 
agreement between xmipp3 – deep align and relion – 3D auto refine. 
5.  

5. Click on Analyze Results, you will see the list of particles, with the obtained 
differences in shifts and angles, is shown. If you cClick on the bar icon in the 
upper part of the window, another window will be opened that allows making 
plots of the calculated variables. Select _xmipp_angleDiff and click on Plot to see 
a representation of the angular differences per particle. You can doDo the same 
with _xmipp_shiftDiff. In these figures, you can see that approximately in half of 
the particles both methods agree (Figure 916). Select the particles with angular 
differences lower than 10º and create a new subset. 
6.  

6. Now, we are going to useopen xmipp3 – highres27 to make a local refinement of 
the assigned angles. First, open the form and select as Full-size Images the 
images obtained in the previous step, and as Initial volumes the output of 6.9, 
set Radius of particle to 150 pixels, and Symmetry group as c1. In the Angular 
assignment tab, set the Image alignment to Local, Number of iterations to 1, 
and Max. Target Resolution as 5Å/px (Supplemental Figure 17). Run it. 
7.  

8.7. In the Summary tab you will see howcheck that the output volume is 
smaller than 300x300x300 pixels and with slightly higher pixel size. This is 
because we asked for a maximum target resolution of 5Å/px, which generated 
an intermediate result of very good quality to continue processing. 
NOTE: This is a common way to proceed when Xmipp Highres is used, the 
refinement should be done in several steps, going to higher resolutions in every 
step. 
 

8. Click on Analyze Results to see the obtained results. Click on Display resolution 
plots to see the FSC, and on Display volume: Reconstructed to see the obtained 
volume (Supplemental Figure 18). You should see aA good resolution volume 
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close to 4-3.5Å is obtained.ready to make one final step of refinement. 
9.  

10.9. Click on Display output particles and, in the window with the list of 
particles, click on the bar icon. In the new window, select Type as Histogram, 
with 100 Bins, select _xmipp_cost label, and finally press Plot (Supplemental 
Figure 19). This way, we will see the histogram of the cost label is presented, 
which contains the correlation of the particle with the projection direction 
selected for it (Figure 17). In this case, we should see a unimodal density function 
is obtained, which is a sign of not having different populations in the set of 
particles. Thus, we can continue the refinement with all of them will be used to 
continue the refinement. 
NOTE: In case of seeing a multimodal density function, the set of particles 
belonging to the higher maximum should be selected to continue the workflow 
only with them. 
 

10. Open and execute again xmipp3 – highres with Continue from a previous run? 
to Yes, set as Full-size Images those obtained after 8.56, and Select previous run 
with the previous execution of Xmipp Highres. In the Angular assignment tab, set 
the Image alignment to Local, with 1 iteration and 2.6Å/px as target resolution 
(full resolution). 
11.  

12.11. Now the output should contain a volume at full resolution (size 
300x300x300 pixels). Click on Analyze Results to check again the obtained 
volume and the FSC, which now should be a high resolution volume at around 3Å 
(Figure 108). 

  
9. Evaluation and post-processing 

9.  
1. Now that the obtained 3D volume has high resolution and very well defined 

features, we are going to further evaluate the volume and post-process it. Open 
xmipp3 – local MonoRes28. This method will calculate the resolution locally. Set 
as Input Volume the one obtained after 8.101, set Would you like to use half 
volumes? to Yes, and Resolution Range from 1 to 10Å. Run it. 
1.  

2. Click on Analyze Results and select Show resolution histogram and Show 
colored slices (Figure 191). You will see theThe resolution in the different parts 
of the volume is shown. Most of the voxels of the central part of the structure 
should present resolutions around 3Å, whilst the worst resolutions are achieved 
in the outer parts. Also, a histogram of the resolutions per voxel will beis shown, 
where you should see that the with a peak is around (even below) 3Å. 
2.  

3. We can post-process our volume by applying a sharpening. Open and run 
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xmipp3 – localdeblur sharpening29 to apply a sharpening. and sSelect as Input 
Map the one obtained in 8.101, and as Resolution Map the one obtained in the 
previous step with MonoRes. 
3.  

4. Click on Analyze Results to check the obtained volumes. Open the last one, 
corresponding to the last iteration of the algorithm. In the representation by 
slices, it is difficult to see the details of the reconstructed volume after the 
sharpening, so weIt is recommend opening the volumeit with other tools, such 
as UCSF Chimera26, to see better the features of the volume in 3D (Figure 1220). 
4.  

5. Finally, we are going to use another open the validation tool included in xmipp3 
– validate overfitting30 that will tell us howshow how the resolution changes 
with the number of particles. Open it and include as Input particles the particles 
obtained in step 8.56, set Calculate the noise bound for resolution? to Yes, with 
Initial 3D reference volume as the output of 8.101. In Advanced options, set the 
Number of particles to “500 1000 1500 2000 3000 5000 10000 15000 20000” 
(Supplemental Figure 20). Run it. 
5.  

6. Click on Analyze results. Two plots will appear (Figure 1321) with the evolution 
of the resolution, in the green line, as the number of particles used in the 
reconstruction grows. The red line represents the resolution achieved with a 
reconstruction of aligned Gaussian noise. We can see how theThe resolution 
improves with the number of particles and the a great difference of the 
reconstruction from particles compared to the one from noise is observed, which 
is an indicator of having particles with good structural information. 
6.  

7. From the previous results, we can try to make a fitting of a model in the post-
processed volume could be carried out, which would allow discovering the 
biological structures of the macromolecule. 

 
  

 
REPRESENTATIVE RESULTS: 
We have used the dataset of the Plasmodium falciparum 80S Ribosome (EMPIAR entry: 10028, 
EMDB entry: 2660) to conduct our test and, 
W with the Scipion protocol presented in the previous section, you will be able to achieve a 
high resolution 3D reconstructed volume of the macromolecule under studyin this particular 
example has be achieved, beginning with the information gathered by the microscope that 
consist of very noisy images containing 2D projections in any orientation of the specimen. 
 
The main results obtained after running the whole protocol are presented in Figures 180, 119, 
and 1220. Figure 108 represents the obtained 3D volume before post-processing. In part (a) of 
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the figure, we can see that thean FSC achieved wasof 3Å can be seen, that it is very close to the 
Nyquist limit (with data with a pixel size of 1.34Å, the Nyquist limit is 2.6Å). Part (b) of the figure 
shows some slices of the reconstructed 3D volume with high levels of details and well-defined 
structures. In Figure 119 we have the results after locally analyze the resolution of the obtained 
3D volume are presented. We have foundIt can be seen that most of the voxels in our the 
structure achieve a resolution below 3Å, mainly those located in the central part of the 
structure. However, the outer part shows worse resolutions, what is consistent with the 
blurring appearing in those areas in the slices of Figure 180 (b). Figure 1220 shows the same 3D 
map after post-processing that is able to highlight the higher frequencies of the volume, 
revealing more details and improving the representation, which can be seen especially in the 
3D presentation of part (c) of the figure.  
 
In Figure 1422, we have used Chimera26 was used to see a 3D representation of the obtained 
volume (a), the post-processed (b), and the resolution map (c), colored with the color code of 
the local resolutions. This can give us even more information about the obtained structure. This 
tool is very useful to gain an insight into the quality of the obtained volume, as as you can see 
very small details in the whole 3D context of the structure can be seen. When the achieved 
resolution is enough, even some biochemical parts of the structure can be found, e.g. alpha-
helices (d). In this figure, we shouldit must be highlighted the high resolution achieved in all the 
central parts of the 3D structure, which can be seen as the dark blue areas in part (c) of the 
figure. 
 
All the previous results were achieved thanks to a good performance of the whole protocol, but 
this might be not the case. There are several ways to identify a bad behavior. In the most 
general case, this happens when the obtained structure has low resolution and it is not able to 
evolve to a better one. One example of this is presented in Figure 1523. A blurred volume (c) 
results in a low FSC, which can be seen in the FSC curve (a) and the histogram of the local 
estimation (b). This example was generated using a 3D refinement method with incorrect input 
data, as it was expecting some specific properties in the input set of particles that they do not 
fulfill. As can be seen, it is always very important to know how the different methods expect to 
receive the data and prepare it properly. In general, when an output like the one in Figure 1523 
is obtained, we know that there might be a problem in the processing workflow or the 
underlying data.  
 
There are several checkpoints along the workflow that can be analyzed to know if the protocol 
evolves properly or not. For example, right after picking, several of the methods discussed 
earlier are able to rank the particles and give a score for each of them. In the case of having bad 
particles, these methods allow us to identify and remove them. Also, the 2D classification can 
be a good indicator of having a bad set of particles. Figure 1624 shows an example of such a 
bad set. In the part (a) of the figure, it shows good classes containing some details of the 
structure are shown, while part (b) shows bad classes, which are noisy or uncentered, in this 
last case you will seeit can be seen that the picking was incorrect and two particles seem to 



   

 

appear together. Another checkpoint is the initial volume estimation, Figure 1725 shows an 
example of good (a) and bad (b) initial estimations. The bad estimation was created using an 
incorrect setup for the method. It must be taken into account that all the setups should be 
done carefully, choosing appropriately every parameter according to the data being analyzed. 
In case of not having a map with some minimal structural information, the following refinement 
will be unable to obtain a good reconstruction. 
 
When the problem is a bad acquisition, in which the movies do not preserve structural 
information, it will be impossible to extract good particles from them and get a successful 
processing. In that case, more movies should be collected to get a high resolution 3D 
reconstruction. But, if this is not the case, there are several ways to manage problems along the 
processing workflow. If the picking is not good enough, there are several ways to try to fix it, 
e.g., repeating the picking, using different methods, or trying to manually pick more particles to 
help the methods to learn from them. During the 2D classification, if just a few classes are 
good, consider also to repeat the picking process. In the initial volume estimation, try to use 
several methods if some of them gave inaccurate results. The same applies to the 3D 
refinement. Following this reasoning, in this manuscript, we have presented several consensus 
tools have been presented, that which could be very useful to avoid problems and continue the 
processing with accurate data. Thanks to using a consensus among several methods, we can 
discard data that are difficult to pick, classify, align, etc., which probably is an indicator of poor 
data. However, if several methods are able to agree in the generated output, probably these 
data contain valuable information with which to continue processing. 
 
We encourage the reader to download more datasets and try to process them following the 
recommendations presented in this manuscript and to create a similar workflow combining 
processing packages using Scipion. Trying to process a dataset is the best way to learn the 
power of the processing tools available in the state-of-the-art in Cryo-EM, to know the best 
rules to overcome the possible drawbacks appearing during the processing, and to boost the 
performance of the available methods in each specific test case. 
 
 
FIGURE AND TABLE LEGENDS: 
 
Figure 1. Import movies result. (a) A list with the file path and other parameters of every 
imported movie. Clicking on one of them, the movie is opened in a new window (b) where each 
frame can be inspected. 
 
Figure 12. Movie alignment result. (a) The main window of the results, with a list of all the 
micrographs generated and additional information: the power spectral density, the trajectory 
of the estimated alignment in polar coordinates, the same in cartesian coordinates, the 
filename of the generated micrograph. (b) The alignment trajectory represented in cartesian 
coordinates. (c) The generated micrograph. 



   

 

 
Figure 23. CTF estimation with Ctffind result. The main window with the results includes a 
figure with the estimated PSD (in a corner) along with the PSD coming from the data, and 
several defocus params. 
 
Figure 4. CTF refinement with Xmipp result. The results window shows the PSD and several 
figures with the estimated CTF. This method is able to additionally estimate more parameters 
representing the CTF behavior. 
 
Figure 35. Manual picking windows with Xmipp. (a) The main window with the list of 
micrographs to process and some other parameters. (b) Manually picking particles inside a 
region of a micrograph. (c) and (d) Automatically picked particles to be supervised to create a 
set of training particles for the Xmipp auto picking method. 
 
Figure 46. Deep consensus picking with Xmipp result. The parameter zScoreDeepLearning 
gives weight to the goodness of a particle and it is key to discovering bad particles. (a) The 
lowest zScores values are associated with artifacts. (b) The highest zScores are associated with 
particles containing the macromolecule. 
 
Figure 7. Extract particle result. The obtained particles after using the extract particles method. 
This window shows a grid with all of them. 
 
Figure 85. 2D classification with Cryosparc result. The classes generated (averages of subsets 
of particles coming from the same orientation) are shown. Here you can see severalSeveral 
good classes selected in red (with some level of detail) and some bad classes non-selected 
(noisy and uncentered classes). 
 
Figure 9. 2D classification with Xmipp CL2D result. A window with the 128 classes generated. 
Most of them are good classes, selected in red. Some bad classes are non-selected (mainly due 
to noise). 
 
Figure 10. 3D initial volume with Xmipp result. A view by slices of the initial volume generated 
by xmipp3 – reconstruct significant method. We can see a low resolution volume that starts to 
contain some information about the shape of the structure. 
 
Figure 611. 3D initial volume with swarm consensus result. A view of the 3D initial volume 
obtained after running the consensus tool  xmipp3 – swarm consensus, using the previous 3D 
initial volume estimations of Xmipp and Relion. (a) The volume is represented by slices. (b) 3D 
visualization of the volume. 
 
Figure 712. Refinement of a 3D initial volume with Relion result. (a) FSC curve obtained, 
crossing the threshold at a 4.5Å, approximately. (b) Angular coverage shown as upper view of 



   

 

the 3D sphere. In this case, as there is no symmetry, the assigned particles should cover the 
whole sphere. (c) Refined volume represented by slices. 
 
Figure 13. 3D classification result. The three generated classes are shown with some 
parameters with the accuracy of every generated class. Two of the classes look very similar, but 
the last one contains too much noise. 
 
Figure 14. Consensus classes 3D result. The number of coincident particles among every 
combination by pairs of classes shows that the 3D classification method was not able to 
distinguish classes in this dataset. 
 
Figure 815. 3D alignment based on deep learning with Xmipp result. The results generated by 
xmipp3 – deep align method for 3D alignment. (a) The angular assignment for every particle in 
the form of transformation matrix. (b) The angular coverage. 
 
Figure 916. 3D alignment consensus result. (a) List of particles with the obtained differences in 
shift and angles parameters. (b) Plot of the angular differences per particle. (c) Plot of the shift 
difference per particle. 
 
Figure 17. First iteration of 3D refinement correlation analysis result. The histogram of the 
correlation between particles and the assigned projection direction. Unimodal distribution 
shows that the method cannot distinguish different populations in the data. 
 
Figure 108. Final iteration of 3D refinement result. (a) FSC curve. (b) Obtained volume at full 
resolution by slices. 
 
Figure 119. Local resolution analysis with Xmipp result. Results of the method xmipp3 – local 
MonoRes. (a) Some representative slices colored with the resolution value per voxel, as 
indicated in the color code. (b) Local resolution histogram.  
 
Figure 1220. Sharpening with Xmipp result. Results of xmipp3 – localdeblur sharpening 
method. (a) List of obtained volumes per iteration. (b) 3D volume obtained after the last 
iteration represented by slices. (c) A 3D representation of the final volume. 
 
Figure 1321. Validate overfitting tool in Xmipp result. Results of xmipp3 – validation 
overfitting. The green line corresponds to reconstruction from data, the red line from noise. (a) 
Inverse of the squared resolution with the logarithm of the number of particles. (b) Resolution 
with the number of particles. 
 
Figure 1422. Several 3D representations of the obtained volume. (a) Pre-processed volume. 
(b) Post-processed volume. (c) Local resolution, dark blue voxels are those with higher 
resolution (2.75Å) and dark red voxels are those with lower resolution (10.05Å). (d) Zoom in the 



   

 

post-processed volume where an alpha-helix (red oval) can be seen. 
 
 
Figure 1523. Example of a bad 3D reconstruction. (a) FSC curve with a sharp fall and crossing 
the threshold at low resolution. (b) Local resolution histogram. (c) 3D volume by slices. 
 
Figure 1624. Example of 2D classes. (a) Good classes showing some level of detail. (b) Bad 
classes containing noise and artifacts (upper part obtained with Xmipp, lower with CryoSparc). 
 
Figure 1725. Example of 3D initial volume with different qualities. (a) Good initial volume 
where the shape of the macromolecule can be observed. (b) Bad initial volume where the 
obtained shape is completely different from the expected one. 
 
 
 
SUPPLEMENTARY FILES: 
 
Supplemental Figure 1. Creating a Scipion project. Window displayed by Scipion where you can 
select an old project can be selected or create a new one can be created giving a name and a 
location for that project. 
 
Supplemental Figure 2. Import movies method. Window displayed by Scipion when pwem - 
import movies is open. Here, you must include the main acquisition parameters must be 
included to let the movies available to be processed in Scipion. 
 
Supplemental Figure 3. Movie alignment method. Window displayed by Scipion when xmipp3 
– optical alignment is used. The input movies, the range of frames considered for alignment, 
and some other parameters to process the movies should be filled. 
 
Supplemental Figure 4. CTF estimation method with Ctffind. The form in Scipion with all the 
necessary fields to run the program Ctffind. 
 
Supplemental Figure 5. Wizard in Scipion. A wizard to help the user filling some parameters in 
the form. In this case, the wizard is to complete the resolution field in the  grigoriefflab – 
ctffind method. 
 
Supplemental Figure 6. CTF refinement method with Xmipp. The form of xmipp3 – ctf 
estimation with all the parameters to make a refinement of a previously estimated CTF. 
 
Supplemental Figure 7. Preprocess micrographs method. The form of xmipp3 – preprocess 
micrographs that allows carrying out some operations over them. In this example, we are 
interested in Remove bad pixels and Downsample micrographs is the useful one.  



   

 

 
Supplemental Figure 8. Picking method with Cryolo. The form to run the Cryolo picking 
method using a pretrained network. 
 
Supplemental Figure 9. Consensus picking method with Xmipp. The form of xmipp3 – deep 
consensus picking based on deep learning to calculate a consensus of coordinates, using a 
pretrained network over several sets of coordinates obtained with different picking methods. 
 
Supplemental Figure 10. Extract particles method. Input and preprocess tabs of xmipp3 – 
extract particles. 
 
Supplemental Figure 11. 3D initial volume method with Xmipp. The form of the method 
xmipp3 – reconstruct significant to obtain an initial 3D map. The Input and Criteria tabs are 
shown. 
 
Supplemental Figure 12. Resize volume method. The form to make a crop or resize of a 
volume. In this example, we use this method is used to generate a full size volume after  
xmipp3 – reconstruct significant. 
 
Supplemental Figure 13. 3D initial volume with Relion result. A view of the obtained 3D initial 
volume with  relion – 3D initial model method by slices. 
 
Supplemental Figure 14. Refinement of the initial volume with Relion. The form of the 
method relion – 3D auto-refine. We use itIn this example, it was used to refine an initial 
volume estimated after consensus. The Input and Reference 3D map tabs are shown. 
 
Supplemental Figure 15. 3D classification method. Form of relion – 3D classification. The tabs 
Input, Reference 3D map, and Optimisation are shown. 
 
Supplemental Figure 16. 3D alignment based on a deep learning method. The form opened for 
the method xmipp3 – deep align. Here we needit is necessary to train a network with a training 
set, then that network will predict the angular assignment per particle. 
 
Supplemental Figure 17. 3D refinement method. Form of the xmipp3 – highres method. Tabs 
Input and Angular assignment are shown. 
 
Supplemental Figure 18. First iteration of 3D refinement result. (a) FSC curve. (b) Obtained 
volume (of a smaller size than the full resolution) represented as slices. 
 
Supplemental Figure 19. First iteration of 3D refinement correlation analysis. A new window 
appears by clicking on the bar icon in the upper part of the window with the list of particles. In 
Plot columns window we can create a histogram of the desired estimated parameter can be 



   

 

created. 
 
Supplemental Figure 20. Validation overfitting tool. Form of xmipp3 – validate overfitting 
method. 
  
 
DISCUSSION: 
Currently, Cryo-EM is a key tool to reveal the 3D structure of biological samples. When we are 
able to have good data is collected with the microscope, the available processing tools will 
allow us to obtain a 3D reconstruction of the macromolecule under study. Cryo-EM data 
processing is able to achieve near-atomic resolution, which is key to understanding the 
functional behavior of a macromolecule and is also crutcial in drug discovery. 
 
Scipion is a software that allows creating the whole workflow combining the most relevant 
image processing packages in an integrative way, which helps the traceability and 
reproducibility of the entire image-processing workflow. Scipion provides a very complete set 
of tools to carry out the processing; however, obtaining high resolutions reconstructions 
depends completely on the quality of the acquired data and how these data is processed.  
 
 
To get a high resolution 3D reconstruction, first we need to obtain good movies from the 
microscope is required, which preserve structural information to high resolution. If this is not 
the case, the workflow will not be able to extract high definition information from these data. 
Then, a successful processing workflow should be able to extract particles that really 
correspond to the structure and to find the orientations of these particles in the 3D space. If 
any of the steps in the workflow fails, the quality of the reconstructed volume will be degraded.  
Scipion allows for using different packages in any of the processing steps, which helps to find 
the most adequate approach to process your the data. Moreover, thanks to having many tools 
packages available, we can use consensus tools,  that boost the accuracy by finding an 
agreement in the estimated outputs of different methods, can be used. Also, we haveit has 
been discussed in detail in the Representative Results section several validation tools and how 
to identify accurate and inaccurate results in every step of the workflow, to detect potential 
problems, and how to try to solve them. There are several checkpoints along the protocol that 
could help to realize if the protocol is running properly or not. Some of the most relevant are: 
picking, 2D classification, initial volume estimation, and 3D alignment. Checking the inputs, 
repeating the step with a different method, or using consensus, are options available in Scipion 
that the user can use to find solutions when issues appear.  
 
Regarding the previous approaches to package integration in the Cryo-EM field, Appion31 is the 
only one that allows real integration of different software packages. However, Appion is tightly 
connected with Leginon32, a system for automated collection of images from electron 
microscopes. So the main difference with Scipion is that data model and storage are less 
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coupled. In such a way, to create a new protocol in Scipion, only a Python script needs to be 
developed. However, in Appion, the developer must write the script and change the underlying 
database. In summary, Scipion was developed to simplify maintenance and extensibility. 
 
 
We have presented in this manuscript a complete workflow for Cryo-EM processing, using the 
real case dataset of the Plasmodium falciparum 80S Ribosome (EMPIAR entry: 10028, EMDB 
entry: 2660). The steps covered and discussed here can be summarized as movie alignment, 
CTF estimation, particle picking, 2D classification, initial map estimation, 3D classification, 3D 
refinement, evaluation, and post-processing. We have used dDifferent packages haven been 
used and consensus tools were applied in several of these steps. The final 3D reconstructed 
volume achieved a resolution of 3Å and, in the post-processed volume, we were able to 
distinguish some secondary structures can be distinguished, like alpha-helices, which helps to 
describe how atoms are arranged in space. 
 
The workflow presented in this manuscript shows how Scipion can be used to combine 
different Cryo-EM packages in a straightforward and integrative way to simplify the processing, 
and obtain more reliable result at the same time. 
 
In the future, the development of new methods and packages will keep growing and software 
like Scipion to easily integrate all of them will be even more important for the researchers. 
Consensus approaches will be more relevant even then, when plenty of methods with different 
basis will be available, helping to obtain more accurate estimations of all the parameters 
involve in the reconstruction process in Cryo-EM. Tracking and reproducibility are key in the 
research process and easier to achieve with Scipion thanks to having a common framework for 
the execution of complete workflows. 
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figure. 

13. Figure 22: Please define the color code presented in the Figure Legends. Please mention 

the red oval (d) in the Figure Legends. 
 

The number of Figures have been reduced and the issues solved. 

 

____________________________________ 

 

 

Reviewers' comments: 
 

Reviewer #1: 

 

Manuscript Summary: 

Image processing protocols in the integrative Scipion package are described. This is an 

excellent contribution that I find highly suitable for publication in JoVE. I have the following 

minor points that the authors may wish to address before publication (see below). 

 

Major Concerns: 

None 

 

Minor Concerns: 



Line 3: I find the title "Processing Workflow in Scipion for Single Particle Data in Cryo-

Electron Microscopy" a bit oddly formulated. Maybe "Cryo-EM and single-particle analysis 

with Scipion" would suffice? Or "Dynamic workflows for cryo-EM and single-particle 

analysis with Scipion" to emphasize that Scipion provides many alternative image processing 

tools as part of the workflow. 

 

Line 23: Single-particle analysis in Cryo-electron microscopy. I believe the authors mean 

"Cryo-EM and single-particle analysis". 

 

Line 24: Scipion software provides… Given that the title already establishes what Scipion is, I 

think it is sufficient to say "Scipion provides the computational tools…" 

 

Line 36: Scipion software -> Scipion 

 

Line 51: successfully determining biological 3D structures with near-atomic resolution. I 

believe the authors mean "successful determination of biological 3D structures at near-atomic 

resolution". 

 

Line 57: Shortly -> Briefly 

 

Lines 61-67: I believe that the authors try to describe that we are dealing with an inverse 

problem that is ill-posed and has many nuisance variables. This description needs to be re-

written for improved clarity. 

 

Line 116: Scipion software -> Scipion 
 

 

Thanks for your recommendations. We have followed all of them. 

 

 

Reviewer #2: 
 

The authors present a workflow for using the new Scipion 3, including several deep learning 

integrations and consensus tools. The workflow appears to be fine and should be turned into a 

proper JoVE video tutorial. I have no major comments. 

 

Minor edits: 

 

-Line 106: "Finally, in the last steps, …" ? 

-Line 550: "workflow or" 

-Line 586: "Trying" 

-Line 778: "crucial" 
 

Thanks for your recommendations. We have solved all these issues. 

 

 

 

Reviewer #3: 
 

The authors describe a protocol for single particle analysis of cryoEM data in Scipion. As a 

particular test case, they use cryoEM data of the malaria parasite ribosome. The introduction 

describes the essentials of a generic single particle averaging workflow. Scipion is then 



introduced, with emphasis on its so called consensus tools that allow checking for consistency 

between results from different programs. The protocol gives an in-depth description how to 

determine a high-resolution map of the ribosome from data that is publicly available. Finally, 

the authors discuss how to handle typical problems. 

 

The paper is a useful contribution to cryoEM field and will help both novice and expert users 

to carry out cryoEM data processing workflow in Scipion and to use its many different tools 

for data visualisation and validation. I have only a few suggestions, one regarding putting 

possibly less emphasis on consensus methods (or alternatively giving more details how useful 

they actually are), and few more regarding the workflow itself that seems overly complicated 

in places. The rest of the comments could help to further clarify the text. 
 

The authors could still consider what to emphasise in the introduction. Traceability and 

reproducibility, ability to easily combine different methods, abstraction of different EM data 

objects (separation from files, formats and their locations) are all key benefits of Scipion. 

Emphasising just the consensus tools may not be entirely warranted / balanced. Why would a 

consensus result between one superior method and several lesser methods be better than than 

using one superior method alone? Have the benefits or some examples published? If yes, 

please add some references and discussion to justify this emphasis. If not, and if this is just 

assumed to be a good strategy, it could be that the consensus methods are emphasised too 

much. It is of course possible that in some cases these tools are beneficial, and it is nice that 

Scipion offers this option. It is thus appropriate to demonstrate different consensus tools in 

the protocol, but perhaps they could be marked as optional in relevant places (if they were 

indeed not crucial for the outcome) to not overcomplicate the presented workflow. 

 

We have focused on the consensus method as we think it’s a more novel point to highlight. 

Traceability, reproducibility, the combination of methods, etc. are also mentioned in the manuscript 

but these points have been previously covered1 and we think it’s valuable to highlight now the new 

consensus tools. However, we have given more weight in the introduction of the reviewed 

manuscript to these points also.  

We have published several papers that prove in detail the benefits of the consensus2,3. These 

citations now are more highlighted in the manuscript to show to the reader where to find stronger 

proof of the consensus value. Also, we are preparing two more manuscripts in this regard4,5. 

Moreover, in the text we have detailed now that these tools are optional, and that a simpler 

workflow could be built. 

 

Lines 112-114: Would be useful to briefly mention how the map gives positions of atoms. I.e. 

building of atomic models de novo or fitting of existing models. 

 

Line 183: Please check that grigoriefflab - ctffind is correct (instead of cistem – ctffind4) 

 

Line 219: Particle picking: I find it confusing that two separate methods both produce 1000 

particles and the consensus method 50000. Please clarify this. 

 

Line 282: Consider changing "movie artefacts" to "carbon areas" or some other more 

descriptive term. Isn't the main purpose of this tool to discard areas that show carbon, ice 

contamination or similar problematic areas in the micrographs? 

 

Thanks for the comments, we have made these reviews. 

 

Line 306: Why is a different method suddenly used for 2D classification? This might seem 

pretty random to a general reader / user. If the justification is to demonstrate Scipion's ability 



to mix different protocols (which can be sometimes useful), you could say "for demonstration 

purposes we use a different classifier this time, namely...". Or is there some other, for example 

scientific justification to first use one and then another? Typically such mixing is not required, 

rather the entire workflow can be done in e.g. CryoSparc or Relion, so again it would be good 

to not complicate things and possibly confuse a novice user to make them think that this 

particular combination of methods was required. 

 

We have now included a note explaining that the second classifier can help to eliminate more noisy 

particles, but it’s an optional step. 

 

Lines 352-356: The statement here regarding noisy reference is most likely factually in 

correct. As I am sure the authors are aware, noise in the reference map may lead to alignment 

of noise (over fitting). Typically high frequency noise is removed by low pass filtering the 

initial map. If such low pass filter is used (or 30 A as used here), does it really matter which 

method here was used to create the initial model? Again, I feel that while it's nice to 

demonstrate different methods and how to integrate them, the problem could be that general 

reader just gets confused. Perhaps some parts of the initial model generation could be marked 

as optional. 

 

In the introduction we have clarified that the consensus are optional tools. The advantage of using it 

in this step is that the swarm consensus is able to generate a more detailed initial volume, although 

slightly noisy in the background. Generally, having more details in the structure and reducing the 

relevance of the background using a mask is beneficial for the following refinement algorithms. 

 

Lines 514-517: This promises a bit too much. Achieving high resolution depends on many 

other factors than the software used. 

 

Line 519: It would be good to remind the reader here what the test case used to calculate the 

representative results was. 
 

Thanks, for the comments. We were referring to this particular case. Now this has been clarified in 

the text. 

 

 

 

 

 

 

1  de la Rosa-Trevín, J. M. et al. Scipion: A software frameowrk toward integration, 

reproducibility and validation in 3D electron microscopy. Journal of Structural Biology. 195 93-99, 

(2016). 

2 Sorzano, C. O. S. et al. Swarm optimization as a consensus technique for Electron 

Microscopy Initial Volume. Applied Analysis and Optimization. 2 299-313, (2018). 

3 Sánchez-García, R., Segura, J., Maluenda, D., Carazo, J. M. & Sorzano, C. O. S. Deep 

Consensus, a deep learning-based approach for particle pruning in cryo-electron mmicroscopy. 

IUCrJ. 5 854-865, (2018). 

4 Jiménez-Moreno, A., Strleak, D., Filipovic, J., Carazo, J. M. & Sorzano, C. O. S. 

DeepAlign, a 3D alignment method based on regionalized deep learning (submitted). 

5 Sorzano, C. O. S. et al. On bias, variance, overfitting, gold standard and consensus in Single 

Particle Analysis by Cryo-electron microscopy (submitted). 

 



SupFigure1 Click here to access/download;Supplemental File (Figures, Permissions,
etc.);Supplemental_Figure1.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283065&guid=9e86156d-b608-4b51-a2f3-a92495d0987a&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283065&guid=9e86156d-b608-4b51-a2f3-a92495d0987a&scheme=1


SupFigure2 Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Supplemental_Figure2.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283066&guid=c46a92c7-f437-45b4-a51c-96601d8f5b2d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283066&guid=c46a92c7-f437-45b4-a51c-96601d8f5b2d&scheme=1


SupFigure3 Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Supplemental_Figure3.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283067&guid=283d84b1-dfa2-41d5-9a95-3c14306346f0&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283067&guid=283d84b1-dfa2-41d5-9a95-3c14306346f0&scheme=1


SupFigure4 Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Supplemental_Figure4.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283068&guid=4f4e0518-d0f5-4d61-a60d-6254d3d0dbf0&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283068&guid=4f4e0518-d0f5-4d61-a60d-6254d3d0dbf0&scheme=1


SupFigure5 Click here to access/download;Supplemental File (Figures, Permissions,
etc.);Supplemental_Figure5.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283069&guid=54afaa5d-c7e7-4d67-85de-85f5236a44f4&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283069&guid=54afaa5d-c7e7-4d67-85de-85f5236a44f4&scheme=1


SupFigure6 Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Supplemental_Figure6.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283070&guid=8f6634e2-83e9-4d8b-a0dd-c1fbb26e9cba&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283070&guid=8f6634e2-83e9-4d8b-a0dd-c1fbb26e9cba&scheme=1


SupFigure7 Click here to access/download;Supplemental File (Figures, Permissions,
etc.);Supplemental_Figure7.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283071&guid=dd7dfd56-48f0-408e-b952-89fd0205b196&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283071&guid=dd7dfd56-48f0-408e-b952-89fd0205b196&scheme=1


SupFigure8 Click here to access/download;Supplemental File (Figures, Permissions,
etc.);Supplemental_Figure8.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283072&guid=8805faae-66d5-4f73-aa50-7fa65bf8d377&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283072&guid=8805faae-66d5-4f73-aa50-7fa65bf8d377&scheme=1


SupFigure9 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Supplemental_Figure9.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283073&guid=923f2c93-0143-490c-8f50-208d8af321b5&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283073&guid=923f2c93-0143-490c-8f50-208d8af321b5&scheme=1


SupFigure10 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Supplemental_Figure10.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283074&guid=6fea9680-257f-44fc-a815-ca00293092c0&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283074&guid=6fea9680-257f-44fc-a815-ca00293092c0&scheme=1


SupFigure11 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Supplemental_Figure11.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283075&guid=ec8d8d28-630a-4709-819a-55f837e4dfb8&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283075&guid=ec8d8d28-630a-4709-819a-55f837e4dfb8&scheme=1


SupFigure12 Click here to access/download;Supplemental File (Figures, Permissions,
etc.);Supplemental_Figure12.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283076&guid=dfa500fa-4e8f-4180-8db8-d1a4cec5d691&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283076&guid=dfa500fa-4e8f-4180-8db8-d1a4cec5d691&scheme=1


SupFigure13 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Supplemental_Figure13.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283077&guid=f7ac1fee-73d9-4b4e-bc3b-70f8791cd796&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283077&guid=f7ac1fee-73d9-4b4e-bc3b-70f8791cd796&scheme=1


SupFigure14 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Supplemental_Figure14.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283078&guid=7e173c46-287f-41f4-9239-c6926c8c1c30&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283078&guid=7e173c46-287f-41f4-9239-c6926c8c1c30&scheme=1


SupFigure15 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Supplemental_Figure15.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283079&guid=e525b8ff-3742-4e04-9158-000064135f88&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283079&guid=e525b8ff-3742-4e04-9158-000064135f88&scheme=1


SupFigure16 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Supplemental_Figure16.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283080&guid=67f2a43e-ab33-49c0-9b47-a118b9878cdc&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283080&guid=67f2a43e-ab33-49c0-9b47-a118b9878cdc&scheme=1


SupFigure17 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Supplemental_Figure17.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283081&guid=b5c8a7f4-d000-4f7f-adae-7ff6ba400df1&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283081&guid=b5c8a7f4-d000-4f7f-adae-7ff6ba400df1&scheme=1


SupFigure18 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Supplemental_Figure18.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283082&guid=59b61642-037f-42ea-9efe-86da7bd33045&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283082&guid=59b61642-037f-42ea-9efe-86da7bd33045&scheme=1


SupFigure19 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Supplemental_Figure19.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283083&guid=54f9235d-c8e8-4be7-b076-cbf509211a9d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283083&guid=54f9235d-c8e8-4be7-b076-cbf509211a9d&scheme=1


SupFigure20 Click here to access/download;Supplemental File (Figures, Permissions, etc.);Supplemental_Figure20.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1283084&guid=849c36a6-bafe-44f2-8175-b3666742049d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1283084&guid=849c36a6-bafe-44f2-8175-b3666742049d&scheme=1

