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1. Supplementary Figures 

 

 

Supplementary Fig. 1. Deconwolf (DW) benchmarking. (a) Maximum z-projection of an in 

silico generated microtubule network previously deconvolved by others using Huygens (HG), 
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downloaded from http://bigwww.epfl.ch/deconvolution/data/microtubules/. (b) Maximum z-

projection of a C. elegans whole-embryo image z-stack downloaded from 

http://bigwww.epfl.ch/deconvolution/bio/ before (Input) and after deconvolution using either 

DeconvolutionLab2 (DL2) (50 iterations, it) or DW. White, microtubules stained with falloidin. 

(c) Computational time required to generate the deconvolved images shown in (a) on an 8-Core 

AMD Ryzen 7 3700X machine. (d) Maximum z-projection of a synthetic hollow bars z-stack 

image downloaded from http://bigwww.epfl.ch/deconvolution/bars/ before (Input) and after 

deconvolution with DL2 or DW. The input image was corrupted by Gaussian noise and Poisson 

noise with a signal-to-noise ratio of 30 dB. The same dynamic range was used for all the images. 

(e) Same as in (d) but showing a single focal plane of the z-stack. (f) Computational time 

required to generate the deconvolved images shown in (d) and (e) on an 8-Core AMD Ryzen 7 

3700X machine. The red squares highlight the images deconvolved with DW.  

http://bigwww.epfl.ch/deconvolution/data/microtubules/
http://bigwww.epfl.ch/deconvolution/bio/
http://bigwww.epfl.ch/deconvolution/bars/
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Supplementary Fig. 2. Deconwolf is equipped with a high precision point spread function 

(PSF) calculator (PC), which yields sharper images after deconvolution compared to the 

commonly used PSF Generator (PG)1. (a-c) Maximum z-projection of a z-stack image from the 

previously published ChrX-36plex OligoFISSEQ dataset2 without deconvolution (Raw) (a) and 

after deconvolution with DW either using a PSF generated with the PC tool implemented in 

DW (b) or with PG (c). Scale bars, 20 m.   



 

 5 

 

Supplementary Fig. 3. Boundary handling in DeconvolutionLab2 (DL2). (a-f) Upper left tile 

of the C. elegans whole-embryo image shown in Fig. 2b after deconvolution with DL2 using 

no boundary handling option (Default) or one of the apodization options (plot titles) available 

in DL2. 
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Supplementary Fig. 4. Deconwolf (DW) outperforms DeconvolutionLab2 (DL2) in handling 

axial boundary effects. (a) Maximum z-projection of an image z-stack with 51 focal planes 

from HAP1 human chronic myeloid leukemia cell nuclei stained with Hoechst 33342, before 

(Raw) or after deconvolution with DL2 (no padding or apodization) or with DW. (b) Same as 

in (a) but showing only the 1st focal plane from the top of the z-stack. The white arrows indicate 

two examples of artefact generated by DL2, which are not visible in the corresponding image 

deconvolved with DW. (c) Same as in (a) but showing only the 8th focal plane from the top of 

the z-stack. The red squares are used to highlight the images deconvolved with DW. Scale bars, 

10 m.  
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Supplementary Fig. 5. Deconwolf (DW) outperforms DeconvolutionLab2 (DL2) and 

Huygens (HG) on immunofluorescence images. (a) Maximum z-projection of an image z-stack 

of a field of view (FOV) of a human brain tissue section stained with an antibody against the 
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Glial Fibrillary Acidic Protein (GFAP) (yellow) and imaged on a widefield microscope at either 

60x or 100x optical magnification, before (Raw) and after deconvolution with DW. The dashed 

white squares indicate the part of the image that is magnified in the corresponding bottom 

panels. Blue, cell nuclei with DNA stained with 4′,6-diamidino-2-phenylindole (DAPI). (b) 

Maximum z-projection from another FOV in the same sample shown in (a), either imaged on a 

confocal microscope with a 63x objective or imaged on a widefield microscope with a 60x or 

100x objective and then deconvolved with DW. (c) Maximum z-projection from a third FOV 

from the same sample shown in (a), acquired by imaging the sample on a widefield microscope 

at either 60x or 100x optical magnification, before (Raw) and after deconvolution with DW, 

DL2 or HG. The red squares highlight the images deconvolved with DW. All the scale bars in 

the figure are 10 m. 
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Supplementary Fig. 6. Deconwolf (DW) greatly improves the detection of diffraction-limited 

dots in highly crowded images (a) Maximum z-projections of image z-stacks containing 

increasing numbers of in silico generated diffraction-limited dots (see Methods). Only the 10 

middle focal planes were used to make the images of the projections, while all the planes were 

used for the quantifications shown in (e). (b) Same as in (a) but after applying noise to the 
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images to simulate the image that would be obtained by applying smFISH to visualize the 

transcripts of a highly expressed gene (see Methods). (c) Same as in (b) but after deconvolving 

the images with DW (100 iterations, it). (d) Same as in (c) but using DeconvolutionLab2 (DL2). 

(e) Mean squared error (MSE) of dot detection using in silico smFISH images containing a 

different number of dots, such as those shown in (b), after applying DW or DL2 with different 

numbers of iterations. The number of dots per cell was calculated assuming the dots to be placed 

into a spherical cell ~20 m in diameter. The red squares highlight the images deconvolved 

with DW. 
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Supplementary Fig. 7. Deconwolf (DW) drastically improves the visualization of individual 

transcripts in crowded smFISH images. (a) Maximum z-projection of a selected region of an 

image z-stack from SKBR3 human breast carcinoma cells subjected to smFISH with a probe 
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for GAPDH gene transcripts (white) and imaged on a widefield microscope using a 100x oil 

objective, after deconvolution with DW. Blue, DNA stained with Hoechst 33342. Scale bar, 20 

m. (b) Same as in (a) but after deconvolution with DeconvolutionLab2 (DL2). (c) Same as in 

(a) but after deconvolution with Huygens (HG). (d) Different regions of selected image z-stacks 

from the same image dataset used to create the image in (a). Scale bars, 5 m. The red squares 

highlight the images deconvolved with DW.  
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Supplementary Fig. 8. Deconwolf (DW) drastically improves the sensitivity and specificity of 

dot detection in crowded smFISH images. (a, b) Maximum z-projection of an image z-stack 

from SKBR3 human breast carcinoma cells subjected to smFISH with a probe for GAPDH gene 

transcripts (white) and imaged on a widefield microscope using a 100x oil objective, without 

(Raw) (a) or with deconvolution with DW (b). For clarity, only GAPDH transcripts detected in 

a single focal plane are shown in green. Individual transcripts were identified using the 

intensity-based dot detection module (Intensity) in DOTTER (see Methods). First, we 

manually selected a threshold in DOTTER to identify what visually appeared as ‘true’ smFISH 
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signals in the deconvolved z-stack (dots encircled in green in (b)). We then asked DOTTER to 

find the same number of dots in the corresponding non-deconvolved z-stack, choosing from the 

brightest dots automatically identified by DOTTER (dots encircled in green in (a)). (c) 

Distributions of the number of GAPDH gene transcripts identified in each of the field of view 

(FOV) shown in Supplementary Fig. 7d, with or without deconvolution with DW, either with 

the intensity-based (Intensity) or with the Difference of Gaussians (DoG) dot detection module 

in DOTTER (see Methods). P, Wilcoxon test, two-tailed. Each boxplot extends from the 25th 

to the 75th percentile, the horizontal bar represents the median, and whiskers extend from –

1.5×IQR to +1.5×IQR from the closest quartile, where IQR is the inter-quartile range. Dots, 

outliers. (d-g) Distributions of the full width at half maximum (FWHM) values of the same 

smFISH dots analyzed in the boxplots in (c). (h) Same as in (c) but displaying the distributions 

with violin plots and skipping the ‘Raw (Intensity)’ dot group. Each violin plot extends from 

minimum to maximum. The horizontal dashed line represents the median, while the bottom and 

upper dotted horizontal lines indicate the first and third quartile, respectively.  
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Supplementary Fig. 9. Deconwolf (DW) improves the sensitivity and specificity of dot 

detection in iFISH images. (a) Location of the 63 iFISH probes used in this study to visualize 

63 DNA loci belonging to different chromatin A/B subcompartments defined based on Hi-C3, 

all along chr16. Different colors indicate the A/B chromatin subcompartment, in which the 

genomic locus targeted by each probe is located. The location of each probe is shown along the 
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ideogram of chr16. Probes are labeled in ascending number from top to bottom. n, number of 

probes in each subcompartment. (b) Maximum z-projection of an image z-stack of a HAP1 

human myeloid leukemia cell nucleus subjected to iFISH with the 63 probes (colored dots) 

shown in (a) and imaged on a widefield microscope using a 100x objective, after deconvolution 

with DeconvolutionLab2 (DL2) or with Huygens (HG). Grey, DNA stained with Hoechst 

33342. Scale bars, 10 m. (c-e) Distributions of the total number of iFISH dots per nucleus for 

DNA loci located in the indicated A/B subcompartment, either in non-deconvolved (Raw) 

images or in images deconvolved with DW from the same dataset from which the images shown 

in (b) were created (see Fig. 4k). n, number of cells analyzed. P, Wilcoxon test, two-tailed (f-

h) Distributions of the full width at half maximum (FWHM) values of the dots analyzed in (c-

e). New: dots detected only in images deconvolved with DW. Lost: dots detected in raw images, 

but not after applying DW. DW&Raw: dots detected after applying DW, that were also present 

in the corresponding raw images. Raw&DW: dots detected in the raw images that were also 

detected in the corresponding images after deconvolution with DW (see Methods). n, number 

of dots analyzed. (i-k) Same as in (f-h) but for normalized signal-to-noise ratio (NSNR) values 

of the iFISH dots. In all the boxplots in (c-k), each boxplot extends from the 25th to the 75th 

percentile, the horizontal bar represents the median, and whiskers extend from –1.5×IQR to 

+1.5×IQR from the closest quartile, where IQR is the inter-quartile range. Grey dots, outliers.  
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Supplementary Fig. 10. Deconwolf (DW) enables the detection of individual transcripts in 

low magnification smFISH images. (a) Maximum z-projection of an image z-stack of the R1 
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and R2 regions shown in Fig. 5a imaged at 60x magnification (oil objective). Scale bars, 10 

m. (b-e) In each panel, the left plot shows the probability density function (PDF) of the 

fluorescence intensity of the smFISH dots detected in the indicated field of view (FOV) imaged 

at 60x magnification in the same tissue microarray (TMA) core shown in Fig. 5a, using the 

DoG-based dot detection module in DOTTER (see Methods). The local minimum marked by 

the dashed black line in the PDF plot was used to set a threshold in the DoG intensity to separate 

between high-quality (HQ) and low-quality (LQ) dots in the scatterplot on the right. SNR, 

signal-to-noise ratio (SNR). n, number of dots analyzed. (f-i) Same as in (b-e) after 

deconvolving the corresponding images with DW. (j-m) Same as in (f-i) but imaging the same 

FOVs with a 20x magnification air objective and deconvolving the images with DW. (n-q) 

Same as in (j-m) but without deconvolution. 
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Supplementary Fig. 11. Deconwolf (DW) enables the detection of individual transcripts in low 

magnification smFISH images. (a-e) Fraction of high-quality (HQ) dots from the scatterplots 

shown in Fig. 5d, e and Supplementary Fig. 10b-i that were matched (M) or unmatched (U) 

between corresponding raw and deconvolved fields of view (FOV). Raw_M, dots identified in 

raw images that were also found in the corresponding deconvolved images. DW_M, dots 

identified in deconvolved images that were also found in the corresponding raw images. (f-j) 

Same as in (a-e) but comparing the dots identified in images acquired at 20x magnification with 

the dots shared by raw and deconvolved images at 60x magnification considering the latter as 

reference. (k) Distributions of the full width at half maximum (FWHM) values of HQ and LQ 

dots shown in the scatterplots in Fig. 5d, e and Supplementary Fig. 10b-i. (l) Same as in (k) 
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but for the HQ and LQ dots shown in the scatterplots in Fig. 5f, g and in Supplementary Fig. 

10j-q. 
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Supplementary Fig. 12. Deconwolf (DW) considerably improves the sensitivity of in situ 

spatial transcriptomics (ISST). (a) Scatter plot showing the correlation between the number of 

transcripts identified in images from a previously described ISST dataset consisting of 120 

different genes (n) imaged in a tissue section of human middle temporal gyrus (MTG) cortex4, 

before (Raw) and after deconvolution with DW. Each dot represents one of the 120 genes 

analyzed. PCC, Pearson’s correlation coefficient. SCC, Spearman’s correlation coefficient. The 

dashed red line represents the bisector (i.e., if transcript counts were equal in Raw and DW 

images, the dots should be aligned along this line). (b) Distribution of the annotation probability 

for each of the 120 gene transcripts profiled by ISST, in non-deconvolved (Raw) images or in 

images deconvolved with DW. Zero indicates cells that could not be annotated. The cell type 

nomenclature used is the same as the one described in ref. 5. In all the boxplots, each boxplot 

extends from the 25th to the 75th percentile, the horizontal bar represents the median, and 

whiskers extend from –1.5×IQR to +1.5×IQR from the closest quartile, where IQR is the inter-

quartile range. Black dots, outliers. (c) Number of cells that could or could not be assigned to 



 

 22 

any of the 18 brain cell types shown in (b) using either non-deconvolved (Raw) images or 

images deconvolved with DW. (d) Spatial distribution of the ISST dots identified in the same 

MTG cortical stripe schematically shown in Fig. 6c for five layer-specific genes, without (Raw) 

or with deconvolution using DW. Each dot corresponds to an individual transcript. Left to right: 

supragranular to infragranular. n, number of dots identified. 
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2. Supplementary Methods 

 

Samples 

Cell lines. We purchased SKBR3 cells from ATCC (cat. no. HTB-30) and HAP1 cells from 

Horizon Discovery (cat. no. C859).  We cultured SKBR3 cells in McCoy’s 5A (Sigma, cat. no. 

M9309) supplemented with 10% heat inactivated FBS (Sigma, cat. no. F9665) and HAP1 cells 

with Iscove’s Modified Dulbecco’s Medium (Sigma-Aldrich, cat. no. I2911) supplemented 

with 10% FBS (Sigma-Aldrich, cat. no. F9665). We incubated the cells at 37 °C in 5% O2 and 

5% CO2. We tested the cell lines for Mycoplasma contamination periodically, but we did not 

authenticate them. Neither of these two cell lines is included in the ICLAC database of 

commonly misidentified cell lines. 

Human brain tissue microarray. For GFAP immunofluorescence in human cerebral cortex 

tissue sections, we used a tissue microarray (TMA) previously constructed by Atlas Antibodies 

from formalin-fixed paraffin embedded tissue samples that were purchased from the BioIVT 

biobank (West Sussex, UK). This TMA can be used for biomarker and assay validation without 

the need for a dedicated ethical permit. 

Tumor tissue microarray. For smFISH at low (20x) magnification, we purchased multiple 5 

m thick frozen tissue sections cut from a TMA containing 28 cores (including 14 different 

tumor samples and 14 normal tissues) from US Biomax (cat. no. FMC282e). This TMA can be 

used for biomarker and assay validation without the need for a dedicated ethical permit. 

 

smFISH 

smFISH in SKBR3 cells. We designed and produced an smFISH probe targeting different 

isoforms of the GAPDH gene (see Supplementary Table 1) using the iFISH pipeline that we 

previously described to produce oligonucleotide (oligo) based DNA FISH probes6. We 

performed hybridization for 16–18 hours at 30 °C in a humidity chamber using RNA 

hybridization buffer (RHB) containing 25% Formamide (Millipore, cat. no. S4117)/2×SSC/ 

10% Dextran sulfate (Sigma, cat. no. D8906-50G)/1 mg/mL E. coli tRNA (Sigma, cat. no. 

R1753-2KU)/ 0.02% bovine serum albumin (Thermo Fisher Scientific, cat. no. AM2616)/10 

mM Vanadyl-ribonucleoside complex (New England Biolabs, cat. no. S1402S). After 

hybridization, we washed the cells in RNA wash buffer (RWB) containing 25% Formamide/2× 

SSC at 30 °C for 30 min. We then hybridized secondary fluorescently labelled oligonucleotides 

at a final concentration of 20 nM in RHB for 3 hours at 30 °C in a humidity chamber, followed 
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by one wash with RNA WB at 30 °C, and 30 min incubation at 30°C in 

2XSSC/25%Formamide/1.23ng/mL Hoechst 33342 (Thermo Fisher Scientific, cat. no. 62249). 

Before imaging, we mounted the samples with 2X SSC/0.4% glucose (Sigma, cat. no. 

G8270)/10 mM Tris-HCl (Merck, cat. no. 1185-53-1)/10 mM Trolox (Sigma, cat. no. 

238813)/37 ng/μL glucose oxidase (Sigma, cat. no. G2133)/32 mM catalase (Sigma, cat. no. 

C3515). To image the samples, we used a custom-built Eclipse Ti-E inverted widefield 

microscope system (Nikon) controlled by the NIS Elements software (Nikon) and equipped 

with a ZYLA 4.2P sCMOS camera (Andor Technology) using the CFI Plan Apochromat 

Lambda 1.45 NA 100X Oil Nikon objective. For each sample, we acquired image stacks 

spanning 8–15 m with 0.2–0.6 m stepwise between consecutive focal planes. 

smFISH in tumor TMA. We designed and fluorescently labeled a classical smFISH probe 

(where each oligo in the probe is directly conjugated to one fluorophore) targeting different 

isoforms of the MKI67 gene (see Supplementary Table 1) following the same procedure that 

we previously described for FuseFISH7. We performed smFISH on frozen tissue sections from 

the tumor TMA described above, following a procedure adapted from ref. 8. Briefly, we fixed 

the sections with 1x PBS (Thermo Fisher Scientific, cat. no. AM9625)/4% paraformaldehyde 

(Thermo Fisher Scientific, cat. no. 11481745) at room temperature and then rinsed the sections 

twice with 1x PBS at room temperature, followed by two rinses with ice cold 70% ethanol and 

incubating the sections in the same solution for 3 hours at 4 °C. We then rehydrated the sections 

by replacing the 70% ethanol with the RWB described above. We performed all steps from 

hybridization till imaging as described above for SKBR3 cells. We imaged the sample on a 

Nikon Eclipse Ti-E widefield microscope, using either the CFI Plan Apochromat Lambda 1.4 

NA 60X Oil or the CFI Plan Apo VC 0.75 NA 20x air objectives (Nikon). 

 

iFISH 

We designed and produced iFISH probes targeting 63 loci all along human chromosome (chr) 

16 (see Supplementary Fig. 9a and Supplementary Table 2) using the iFISH pipeline that 

we previously described6. We cultured HAP1 cells on 22×22 mm coverslips (VWR, Nr. 1.5, 

cat. no. 631-0125) in 6-well plates (Merck, cat. no. CLS3506). Once the cells reached around 

90% confluency on each coverslip, we fixed them with 1X PBS (Thermo Fisher Scientific, cat. 

no. AM9625)/4% paraformaldehyde (EMS, cat. no. 15710) for 10 min at room temperature 

(RT), followed by quenching of unreacted paraformaldehyde in 1X PBS/125 mM glycine 

(Fisher Scientific, cat. no. 10467963) for 5 min at RT. Subsequently, we washed the cells three 
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times, 5 min each with 1X PBS (ThermoFisher, cat. no. AM9625)/0.05% Triton X-100 

(Promega, cat. no. H5142) at RT and permeabilized in 1× PBS/0.5% Triton X-100 for 20 min 

at RT, followed by three more washes with 1X PBS/0.05% Triton X-100 at RT, 5 mins each. 

We then incubated the cells in 0.1 N HCl for 5 min at RT, followed by two washes in 1X 

PBS/0.05% Triton X-100 at RT, 5 min each, and rinsing with 2X SSC buffer (Thermo Fisher 

Scientific, cat. no. AM9763). We stored the cells in 2X SSC supplemented with 0.05% NaN3 

(Merck, cat. no. S2002) at +4°C for up to one month until hybridization. Prior to hybridization, 

we incubated the cells in 50% formamide/2XSSC/50mM phosphate buffer overnight at RT, 

followed by 1 hour incubation with a pre-hybridization buffer containing 50% 

formamide/2XSSC/5X Denhardt’s solution (ThermoFisher, cat. no. 750018)/50 mM sodium 

phosphate buffer (home made from sodium dihydrogen phosphate (Merck, cat. no. 7558-80-7) 

and disodium hydrogen phosphate (Merck, cat. no. 7558-79-4))/1 mM EDTA (ThermoFisher, 

cat. no. AM9260G)/100 μg/mL salmon sperm DNA (ThermoFisher, cat. no. 15632011)/100 

μg/mL human Cot-1 DNA (ThermoFisher, cat. no. 15279011) pH 7.5–8 at 37 °C in a humidity 

chamber. Meanwhile, we prepared a hybridization mix containing the probes of interest diluted 

10 times with 1.1X hybridization buffer containing 55% formamide/2.2X SSC/5.5X Denhardt’s 

solution/55 mM sodium phosphate buffer/1.1 mM EDTA/100 μg/mL salmon sperm DNA/100 

μg/mL human Cot-1 DNA/11% dextran sulphate/pH 7.5-8. The final concentration of each 

probe in the hybridization mix is 0.06 nM per DNA oligo. We designed and produced all the 

probes using the iFISH pipeline, which we previously described in detail15. The genomic 

coordinates and corresponding oligo sequences of all the probes are available in 

Supplementary Table 3. After pre-hybridization, we removed the pre-hybridization buffer and 

replaced it with the hybridization mix, sealing the coverslips with Fixogum (Triolab, cat. no. 

LK071A) to prevent any leakage. We denatured the samples at 75 °C for exactly 1 min and 10 

sec, followed by incubation at 37 °C overnight in a sealed humidity chamber. The next day, we 

rinsed the coverslips with 2X SSC/0.02% Tween, followed by two washes, 5 min each, with 

0.2X SSC/0.2% Tween (Sigma, cat. no. P9416) pre-warmed at 60°C, a quick rinse with 4X 

SSC/0.2% Tween and then 2xSSC, and a final wash with 2X SSC/25% formamide. We then 

prepared a second hybridization mix containing the secondary fluorescently labelled 

oligonucleotides at a final concentration of 20 nM per oligo in 2X SSC/25% formamide/10% 

dextran sulphate/1 mg/mL E. coli tRNA (Sigma, cat. no. R1753-2KU)/0.02% bovine serum 

albumin (Sigma, cat. no. A9418). We incubated the samples at 30 °C overnight in a sealed 

humidity chamber. The next day, we washed the coverslips with 2X SSC/25% formamide at 
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30°C for 1 hour, followed by 30 min incubation with 1 ng/μL Hoechst 33342 in 2X SSC/25% 

formamide at 30 °C, and two washes with 2X SSC, 5 min each. We mounted and imaged the 

samples on a Nikon Eclipse Ti-E widefield microscope equipped with an iXON Ultra 888 

EMCCD camera (Andor Technology) using the CFI Plan Apochromat Lambda 1.45 NA 100X 

Oil objective (Nikon). 

 

Immunofluorescence 

We cut a 4 m thick tissue section from the human brain TMA described above and baked them 

at 55 °C on a heating plate for 25 min. Afterwards, we manually dewaxed the section and 

performed heat-induced epitope retrieval (HIER) in a pH 6 citrate buffer (Sigma, cat. no. 

C9999) in a pressure cooker (Bio SB TintoRetriever) at 114–121 °C during 20 min. We 

incubated the section with an anti-GFAP primary antibody (Atlas Antibodies, cat. no. 

AMAb91033) diluted 1:500 (vol./vol.) in TNB buffer containing 0.1 M Tris-HCl /0.15 M 

NaCl/0.5% blocking reagent (Akoya, cat. no. SKU FP1020) pH 7.5 and incubated the sample 

overnight at 4 °C. The next day, we stained DNA with 4′,6-diamidino-2-phenylindole (DAPI) 

for 30 min at room temperature, followed by incubation with a goat anti-mouse secondary 

antibody coupled with AlexaFluor 555 (Thermo Fisher Scientific, cat. no. A-21424) diluted 

1:800 (vol./vol.) in TNB buffer for 90 min at room temperature. Lastly, we mounted the slide 

with Fluoromount-G (Thermo Fisher Scientific, cat. no. 00-4958-02) and imaged it either with 

a Nikon Eclipse Ti-E widefield microscope equipped with a ZYLA 4.2P sCMOS camera 

(Andor Technology) and using a CFI Plan Apochromat Lambda 1.4 NA 60X Oil objective 

(Nikon) or with a Leica SP8 confocal microscope (DMi8-CS) equipped with a 63x HC PL APO 

1.40 oil CS2 objective (Leica Microsystems). For confocal imaging we used the following 

settings: 16-bit acquisition; zoom factor: 1.4; Pinhole: 1 Airy unit; line average: 4; Z-step size: 

0.25 m; number of steps: 61. We adjusted the detector gain measuring the signal of the 

antibody to 10 V. To compare widefield and confocal images, we imaged the same region of 

interest (ROI) consisting of 4×4 tiles with 10% overlap. 
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3. Supplementary Tables 

 

Supplementary Table 1. List of oligos composing the smFISH probes targeting GAPDH and 

MKI67 gene transcripts used in this study. Because of its large size, we provide this table as a 

separate Excel file. 

 

Supplementary Table 2. List of oligos composing the iFISH probes targeting 65 loci along 

chr16 used in this study. Because of its large size, we provide this table as a separate Excel file. 

 

Supplementary Table 3. List of human genes previously visualized by ISST in human brain 

cortex tissue sections9 and analyzed in this study. Because of its large size, we provide this table 

as a separate Excel file. 

 

Supplementary Table 4. List of image datasets analyzed in this study and of optical and 

deconvolution settings used. Because of its large size, we provide this table as a separate Excel 

file. 
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4. Supplementary Notes 

 

Supplementary Note 1. General considerations on deconvolution. 

 

Brief introduction to fluorescence microscopy image deconvolution 

Image deconvolution can be described as an inverse problem, where 𝑦 = 𝑓(𝑥) is known and 

the aim is to find out which 𝑥 generated 𝑦. In fluorescence microscopy, 𝑥 represents the 

emission pattern from the specimen visualized under the microscope, whereas 𝑦 represents the 

image that is acquired by the detector, including noise. The whole image formation process is 

represented by 𝑓, i.e., how the emission pattern is converted to an image throughout the 

microscope10. Due to nonlinearities of typical imaging systems, such as optical aberrations and 

varying refractive index of the samples, 𝑓 can only be approximated. Richardson11 and, 

independently, Lucy12 devised an iterative expectation-maximization (EM) procedure to solve 

the image deconvolution problem under the assumption that 𝑦 = ℎ × 𝑥 + 𝑛, where × denotes 

a linear convolution operator and 𝑛 is Poissonian noise (from now on, we refer to this method 

as the Richardson-Lucy or RL method). The RL method requires that the kernel (or point spread 

function, PSF), ℎ, is known, but in practice ℎ is only approximated. In RL, the likelihood always 

increases from one iteration to the next one12. However, the presence of noise can cause the RL 

method to diverge significantly from the true solution if it is iterated excessively12. A known 

method to tame this is to pre-filter the observed image with a Gaussian kernel13. Total variation 

minimization (TV) as well as Tikhonov regularization are also known techniques that can be 

used to reduce the effect of noise on deconvolution methods14. 

 

Calculation of the Point Spread Function (PSF) 

For many purposes, the Born and Wolf model (BW)15 is a good choice for calculating the PSF, 

since it relies on only a few key parameters, which are readily available for any microscope 

system. More advanced models, such as the one by Gibson and Lanni model16, also incorporate 

mismatches in refractive index between the immersion media and the sample and might be a 

better choice in some situations. Additionally, the PSF can also be measured from experimental 

data17,18. When developing the PSF Calculator for Deconwolf (DW) (see Methods), we noticed 

that the PSF Generator (PG)1 rasterizes the PSF only based on the value of the BW integral at 

the center of the pixels. Since the underlying PSF is not band-limited, this approach gives more 
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emphasis to the central pixel which is located at the maximum of the Airy disk, causing an 

unwanted regularization. Similarly, PG can yield too low or high values when pixels are 

centered at either zeros or local maxima of the Airy pattern. 

 

Speed of deconvolution 

When dealing with 3D images, such as z-stack images commonly used in bioimaging 

experiments, the computational cost of deconvolution using the RL method is enormous. 

Therefore, several other techniques have been developed, including scaled gradient 

projection19, the Biggs and Andrews approach20 (which we have implemented in DW) as well 

as the use of an unmatched projector or back projector21. The fastest deconvolutions can be 

achieved by using auxiliary graphics processing units (GPUs)22. However, most of the available 

GPU-based deconvolution methods are not open-source and require additional investments in 

hardware. 

 

Handling image boundaries 

Due to the nature of the inverse problem of deconvolving an image, any output pixel is affected 

by all input pixels. This can be seen by reframing the deconvolution problem as a linear 

equation system. No deconvolution method is boundary-free, since it cannot know what lies 

outside the boundaries. However, some methods display clear artifacts, such as so-called ‘Gibbs 

ripples’, especially the naive solution 𝑥 = ℎ−1 × 𝑦. To date, the most accurate way to handle 

the boundary is explicitly handle everything outside the boundary as missing data23–25. Ideally, 

having more a priori information about the imaged sample would result in improved 

deconvolution. For this, non-negativity of the sample can be easily added to the RL method. 

However, other common priors might not be general enough for all types of samples. For 

example, assuming smoothness would be detrimental for deconvolving diffraction limited dots, 

such as the signals generated by single-molecule fluorescence in situ hybridization (smFISH)26 

and spatial transcriptomics methods. Some methods have been developed to extract and 

implement priors14,27. Unfortunately, all of these procedures are computationally very costly28.  
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