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1. Supplementary Materials and Methods 

We developed a simple ImageJ routine to quantitatively classify PCNA distribution, based 
on identifying the features recognized by eye-inspection (Figure I). To optimize the 

algorithm, we used a set of 20 images for each cell cycle phase which were classified by 
eye-inspection.  

For these quantifications, we first generated binary images of the nuclei (Figure I A) 
considering an intensity threshold equal to the mean + 2 x Standard deviation and then 
quantified the following parameters in the binary images: 

 

Parameter definition 

NFoci total number of foci 

Mean Foci Area average size of foci 

NFoci>0.3 µm
2 number of foci with area > 0.3 µm2 

NFoci Border number of foci at the nucleus and nucleoli borders 

NFoci Center number of foci in the nuclear interior 

δBorder NFoci Border divided by the area of the border 

δCenter NFoci Center divided by the area of the center 

  

 

We used the analyze particles plugin to determine NFoci and the area of these foci. We 
only considered those structures with sizes ≥ 0.067 µm2 (i.e., the image area of 
subdiffraction structures). To quantify NFoci Border, we detected the borders of the nuclei 
and nucleoli in binary images of the whole nuclei using the outline plugin. Then, we used 
the variance filter to make these regions thicker in order to include peripheral foci. NFoci 

Center was calculated using a binary image of the whole nuclei that exclude these borders 
(Figure I A). 

Figure I B shows the routine workflow. In the first step of the routine, we split G and S 
cells using the parameter NFoci. G cells were considered as those presenting less than one 
focus. S cells were further classified in consecutive steps of the routine.  

Particularly, we considered the combined parameters (NFoci i>0.3 µm
2/NFoci) and (NFoci Border 

/NFoci Center) to differentiate cells in different S stages. Figure I B shows that cells in the gray 
area correspond to E-S and M-S cells, whereas those included in the white region were L-S 
and M-S cells.  

We further analyzed the combined E-S and M-S group (gray area) using parameters that 
inform on the distribution of the foci within the nucleus space. Particularly, we plotted 
NBorder vs. NCenter. Those cells in the light-pink and white areas correspond to M-S or E-S 
cells, respectively.  

Finally, we analyzed the combined L-S and M-S group according to the size of the foci. 
Specifically, L-S cells were considered as those presenting foci sizes ≥ 0.3µm2. 
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Figure I. (A) Representative image of a cell expressing PCNA-RFP, its binary images 
generated as described in the text. Scale bar: 5µm. (B) Scheme of the classification 
algorithm. Green, gray and blue dots correspond to cells manually classified as E-S, M-
S and L-S, respectively. (C) Classification recall (dark colors) and precision (light colors) 
as defined in (Schonenberger et al., 2015) for G (orange), E-S (green), M-S (grey), L-S 
(blue) cells and all phases combined (brown). 
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Although this routine presents a better performance than previously methods 
(Schonenberger et al., 2015) (Figure I C), we observed many failures in the classification. 
When visually observing those cells that were incorrectly classified, we detected that the 
algorithm identifies some relatively more intense regions of the background as foci or on 
the contrary, it fails to identify some dimmer PCNA foci easily observed by eye (Figure II).  

 

 

Figure II. Examples of incorrect classifications of cells. Representative PCNA and foci 
detected with the ImageJ routine (continuous lines are the outline of the nucleus) 
showing miss-identification of some relatively more intense regions of the 
background as foci (top, blue arrows) or failure to identify some foci (bottom, some 
examples are pointed with green arrows). Scale bars: 5µm. 

 

Also, the changes between stages are continuous. Thus, few cells incorrectly classified 
presented main features of a given phase combined with some features of the previous or 
following phase. Our algorithm, sometimes, fail to correctly detect these cells that show 
parameters close to the thresholds considered in the routine. When manually classifying 
these cells, we used the criteria described in the manuscript for splitting cells between 
contiguous phases (Materials and Methods: Cell cycle classification with PCNA-RFP). 

The performance of this routine, and of other quantitative methods described in the 
literature (Schonenberger et al., 2015), are not better than the manual classification 
widely used by the scientific community employing PCNA distribution (Barr et al., 2016, 
Pomerening et al., 2008, Leonhardt et al., 2000, Sporbert et al., 2002, Velasquez et al., 
2022, Xie and Bankaitis, 2022, Velasquez et al., 2019, Dutta et al., 2019, Leung et al., 2011, 
Wilson et al., 2016). Indeed, the gold standard used for evaluating the performance of 
automate methods is the manual classification (e.g. (Schonenberger et al., 2015)). To our 
knowledge, there are no other methods described in the literature that provide a clear 
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advantage (in terms of precision) over the manual classification methodology widely used 
by the scientific community.  
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