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Supplementary Fig. S1. Valida�on of the labeling and imaging approach. 

a, DL image of SARS-CoV-2 virions where vgRNA was labeled with AF647 by RNA FISH and the spike proteins 

were labeled by primary an�-spike S2 an�body with secondary CF568-conjugated an�body. b, 
Representa�ve two-color SR images of individual virions reveal concentric localiza�on of spike around 

vgRNA. c, Bleaching �me trace of AF647 emission from a single virion (yellow arrow in a) demonstrates two-

step bleaching. d, DL image of virions that were treated with Proteinase K (PK) before labeling. e, SR images 
of PK-treated virions reveal incomplete spike labeling due to diges�on of proteins by the PK. f, Bleaching 

�me trace of AF647 emission from a single virion (yellow arrow in d) shows 6-step bleaching sugges�ng 

increased vgRNA labeling efficiency in PK-treated virions. g-h, Histograms of the number of fluorophores per 

virion in untreated (g) or PK-treated (h) samples and their fits with a Poisson distribu�on. i, Mean number of 

AF647 molecules per virion from the fit for 5 different regions in both untreated and PK-treated samples. 

The error bars indicate mean ± SD values for the untreated and PK-treated groups. j, SR image of a SARS-

CoV-2 infected cell with the cell body to the le� reveals assembled virions at its cytoplasmic tubular 

projec�ons at 24 hpi. Scale bars, 100 nm (b, e) and 1 µm (a, d, j). 
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Supplementary Fig. S2. Screening and quan�fica�on of vgRNA, dsRNA and nsp12 by confocal microscopy.  

a, Representa�ve confocal images show three types of vgRNA distribu�on in SARS-CoV-2 infected cells. b, 

Number of cells assigned to one of the three types at 6 or 24 hpi. c, Cell-integrated vgRNA signal significantly 
increases from 6 hpi to 24 hpi. d, Representa�ve confocal image of vgRNA and dsRNA in an early type 1 cell 

suggests colocaliza�on between these targets. e, Cell-integrated signal of immunofluorescently detected 

dsRNA in SARS-CoV-2 infected cells does not significantly change from 6 hpi to 24 hpi. f, dsRNA signal 

correlates with vgRNA signal at 6 hpi (Pearson’s r = 0.76). g, dsRNA signal does not correlate with vgRNA 
signal at 24 hpi (Pearson’s r = 0.18). h, Cell-integrated signal of immunofluorescently detected nsp12 in SARS-

CoV-2 infected cells does not significantly change from 6 hpi to 24 hpi. Error bars represent mean + SD of the 

values from individual cells. Scale bars, 10 µm.  
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Supplementary Fig. S3. Es�ma�on of the number of vgRNA molecules in vgRNA clusters. 

a, SR localiza�ons of single vgRNA molecules found in the cytoplasm of infected cells outside the dense 

vgRNA clusters. On a cell-by-cell basis, similar images are used as a calibra�on for the number of SR 
detec�ons per one vgRNA molecule. Examples of SR images of single vgRNA molecules are indicated with 

white circles (r = 50 nm). b, Es�mated number of vgRNA molecules per cluster at 6 and 24 hpi from all 

analyzed cells. The histogram counts are normalized by the number of analyzed cells; the histogram counts 

for 24 hpi were addi�onally divided by 3 to account for the 3× wider bin size than at 6 hpi. c, Median 

es�mated counts of vgRNA molecules per cluster for each analyzed cell (individual yellow points). The error 

bars represent mean ± SD values of these median counts for each �me point. For data in b and c, 10 cells 

were analyzed for 6 hpi and 16 cells for 24 hpi, using 2 independent experiments for each �me point. Scale 

bars, 50×50 nm2. 
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Supplementary Fig. S4. Associa�on of nsp7 with perinuclear vgRNA structures.  

Representa�ve SR image of a SARS-CoV-2 infected cell at 24 hpi labeled for vgRNA (magenta) and nsp7 

(green) with magnified regions shown in the colored boxes. Scale bars, 2 µm and 500 nm (botom panels). 
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Supplementary Fig. S5. Associa�on of nsp8 with perinuclear vgRNA structures.  

Representa�ve SR image of a SARS-CoV-2 infected cell at 24 hpi labeled for vgRNA (magenta) and nsp8 

(green) with magnified regions shown in the colored boxes. Scale bars, 2 µm and 500 nm (botom panels). 
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Supplementary Fig. S6. Colocaliza�on of nsp12 with nsp8.  

a, Representa�ve confocal images of cells co-labeled for nsp8 and nsp12 demonstrate their DL colocaliza�on 

in the perinuclear region of infected cells (Virus+, 24 hpi) and low background immunofluorescence signal in 

non-infected cells (Virus−). b. Representa�ve SR image of an infected cell at 24 hpi reveals punctate 

localiza�on of both nsp12 and nsp8 in the perinuclear region. (botom panels) Magnified images of the 

regions in the colored boxes reveal nanoscale colocaliza�on of nsp12 with nsp8. c. Bivariate pair-correla�on 

func�ons calculated in the perinuclear regions of infected cells demonstrate colocaliza�on of nsp12 and nsp8 

at r < 100 nm. Scale bars, 10 µm (a), 2 µm (b) and 500 nm (botom panels).  
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Supplementary Fig. S7. Associa�on of newly synthesized viral RNAs with perinuclear clusters of vgRNA.  

a, Representa�ve confocal images of cells co-labeled for vgRNA and BrU demonstrate their DL colocaliza�on 

in the perinuclear region of infected cells treated with BrUTP for 1 h before fixa�on (Virus+ BrUTP+); low 

background BrU signal in infected cells not treated with BrUTP (Virus+ BrUTP−) and low background signal 

of both targets in non-infected cells treated with BrUTP for 1 h (Virus− BrUTP+). Endogenous transcrip�on 

was inhibited with Ac�nomycin D in all condi�ons (ActD+). Virus+ cells were fixed at 24 hpi. b. Representa�ve 

SR image of an infected cell at 24 hpi treated with BrUTP and Ac�nomycin D demonstrates associa�on of 

BrU labeling with vgRNA clusters. Scale bars, 10 µm (a), 2 µm (b).  
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Supplementary Fig. S8. Associa�on of newly synthesized viral RNAs with nsp12.  

a, Representa�ve confocal images of cells co-labeled for nsp12 and BrU demonstrate their DL colocaliza�on in 
the perinuclear region of infected cells treated with BrUTP for 1 h (Virus+ BrUTP+); low background BrU signal in 
infected cells not treated with BrUTP (Virus+ BrUTP−); and low background signal of both targets in non-infected 
cells treated with BrUTP for 1 h (Virus− BrUTP+). Endogenous transcrip�on was inhibited with Ac�nomycin D in 
all condi�ons (ActD+). Virus+ cells were fixed at 24 hpi. b. SR image of an infected cell (type 1, early infec�on) 
treated with BrUTP demonstrates associa�on of BrU labeling with nsp12. c. Bivariate pair-correla�on func�ons 
calculated in the perinuclear regions of infected and BrUTP-treated cells reveal nanoscale associa�on of nsp12 
and BrU. Scale bars, 10 µm (a), 2 µm (b) and 500 nm (botom zoomed-in panels).  
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Supplementary Fig. S9. Altera�ons of host cell ER at 6 hpi.  

Representa�ve SR image of vgRNA in a SARS-CoV-2 infected Vero E6 cell, stably expressing Sec61β-GFP. 

Altered ER forms ring-like structures that par�ally encapsulate vgRNA clusters in the perinuclear region. Le�: 

green (Sec61β) / magenta (vgRNA) coloring; right: color scale of Sec61β localiza�ons. Scale bar, 2 µm. 
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Supplementary Fig. S10. Altera�ons of host cell ER at 24 hpi.  

Representa�ve SR image of vgRNA in a SARS-CoV-2 infected Vero E6 cell, stably expressing Sec61β-GFP. 

Altered ER forms ring-like structures that encapsulate vgRNA clusters in the perinuclear region, while the 

Sec61β signal at the ER tubules decreases compared to 6 hpi (Supplementary Fig. S9). Le�: green (Sec61β) / 

magenta (vgRNA) coloring; right: color scale of Sec61β localiza�ons. Scale bar, 2 µm. 
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Supplementary Fig. S11. Encapsula�on of dsRNA by altered host ER at 24 hpi.  

Representa�ve SR image of dsRNA in a SARS-CoV-2 infected Vero E6 cell, stably expressing Sec61β-GFP. Ring-

like structures of altered ER encapsulate dsRNA clusters in the perinuclear region. Le�: green (dsRNA) / 

magenta (Sec61β) coloring; right: color scale of Sec61β localiza�ons. Scale bar, 2 µm. 
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Supplementary Fig. S12. Encapsula�on of dsRNA into membrane-bound organelles.  

a, Representa�ve SR image of dsRNA and membranes in a SARS-CoV-2 infected cell at 24 hpi with membranes 

labeled by CellMask Deep Red (magenta) and dsRNA labeled with immunofluorescence (green). CellMask-

labeled membranes can be observed around dsRNA clusters. Virions at the plasma membrane are seen as 

bright puncta (right side and lower right corner of the image). b, Zoomed-in image that corresponds to the 

white box in a. c, Bivariate pair-correla�on func�ons indicate nanoscale an�-correla�on between dsRNA and 

CellMask, consistent with dsRNA encapsula�on in membrane-bound organelles at both 6 and 24 hpi. Scale 

bars, 2 µm (a) and 500 nm (b). 
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Supplementary Fig. S13. Nanoscale co-organiza�on of viral components with host cell membranes.  

a, Representa�ve SR images of nsp3, Sec61β, vgRNA and membranes (CellMask) in SARS-CoV-2 infected cells 

at 6 and 24 hpi. b, Bivariate pair-correla�on func�ons indicate nanoscale associa�on between nsp3 and 

Sec61β, nsp3 and CellMask, and nanoscale an�-correla�on between vgRNA and CellMask at both �me 

points. Scale bar, 1 µm. 
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Supplementary Fig. S14. Nanoscale an�-correla�on of nsp3 with dsRNA.  

a, Representa�ve SR image of a SARS-CoV-2 infected cell at 6 hpi with nsp3 and dsRNA labeled by 
immunofluorescence. Nsp3 can be observed at the surface of isolated dsRNA clusters (white boxes & right panel) 
or in dense aggregates between dsRNA clusters (blue box & blue insets). b, Bivariate pair-correla�on func�ons 
indicate nanoscale an�-correla�on between dsRNA and nsp3 at 6 hpi. c, SR image of a SARS-CoV-2 infected cell 
at 24 hpi. Nsp3 forms a network-like patern that encapsulates dsRNA clusters. d, Bivariate pair-correla�on 
func�ons indicate nanoscale an�-correla�on between dsRNA and nsp3 at 24 hpi. Scale bars, 2 µm (a, c) and 500 
nm (insets in a, c and right panel in a).
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Supplementary Fig. S15. Nanoscale colocaliza�on of nsp3 with membranes at 24 hpi.  

Representa�ve SR image of nsp3 (green) and membranes as labeled by CellMask (magenta) in a SARS-CoV-2 

infected cell at 24 hpi. Nsp3 forms a network-like patern in the perinuclear region that colocalizes with the 

CellMask patern. Scale bar, 2 µm. 
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Supplementary Fig. S16. Less common paterns of nanoscale nsp3 localiza�on at 24 hpi.  

a, Nsp3 forms an ER-like network that occupies a large part of the cytoplasm. b, Besides the common 
perinuclear patern, nsp3 is also diffusely localized throughout the whole cytoplasm. Scale bars, 2 µm. 
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Supplementary Fig. S17. Nanoscale localiza�on of spike protein at 24 hpi.  

a, Representa�ve SR image of a SARS-CoV-2 infected cell at 24 hpi labeled for spike (green) and vgRNA 
(magenta). b, Examples of assembled virions encapsulated by the spike proteins and with vgRNA in their 

interior, detected at the cell periphery (yellow arrows in a). (botom panel) Bivariate pair-correla�on 

func�ons calculated in the plasma membrane regions indicate colocaliza�on of these targets at r < 100 nm. 
c, Magnified image that corresponds to the blue frame in a displays spike localiza�ons mostly excluded from 

the interior of the perinuclear vgRNA clusters with possible localiza�on at their membrane. (botom panel) 

Bivariate pair-correla�on func�ons calculated in the perinuclear regions of infected cells indicate nanoscale 

an�-correla�on of spike with SARS-CoV-2 replica�on organelles. Scale bars, 2 µm (a), 100 nm (b), 500 nm (c). 
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Supplementary Fig. S18. Nanoscale an�-correla�on of nucleocapsid protein with SARS-CoV-2 replica�on 
organelles at 24 hpi.  

a, Representa�ve SR image of a SARS-CoV-2 infected cell at 24 hpi labeled for the nucleocapsid protein 

(green) and vgRNA (magenta). The magnified image in the blue frame displays nucleocapsid protein 

localiza�ons mostly excluded from the interior of the perinuclear vgRNA clusters with possible localiza�on 

at their membrane. b, Bivariate pair-correla�on func�ons calculated in the perinuclear regions of the 

infected cells indicate nanoscale an�-correla�on of the nucleocapsid protein with vgRNA. Scale bars, 2 µm 

and 500 nm (botom panels). 
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Supplementary Fig. S19. Op�miza�on of primary an�body concentra�ons. 

The concentra�on of primary an�bodies was op�mized to minimize the background or to maximize the 
signal to background ra�o (SBR) between SARS-CoV-2 infected and non-infected cells or between cells 

expressing Sec61β-GFP and WT cells (Methods). Box plots: center line, median; box limits, upper and lower 

quar�les; whiskers, 1.5× interquar�le range; dots, values for individual cells. SBR plots show mean ± SD. 
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Supplementary Fig. S20. Op�miza�on of secondary an�body concentra�ons. 

The concentra�on of secondary an�bodies was op�mized to minimize the background or to maximize the 

SBR between SARS-CoV-2 infected and non-infected cells (see Methods). Box plots: center line, median; box 

limits, upper and lower quar�les; whiskers, 1.5× interquar�le range; dots, values for individual cells. SBR 

plots show mean ± SD. 
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Supplementary Fig. S21. Path diagram of SR microscope used in this study. 

Black-filled icons: mirrors; thin empty rectangles: dichroic or neutral density filters; dashed rectangles: 

movable or motorized components; boxes: cameras or lasers; bent lines: op�cal fiber; icons with blue edges: 

lenses or a beam spliter cube; QWP: quarter-wave plate; IP: image plane; IIP: intermediate image plane; BS: 
beam spliter; OD: op�cal density. Op�cs are shown for producing a second image on the EMCCD, but the 

second path was not used in this study. The gray lines denote the 808 nm beam in the focus lock apparatus. 
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/640rpcv2 

FF750-SDi02

4x/0.10 
f = 45mm

808nm 25mW

f = 400mm
cylindrical

UI-3240CP-
NIR-GL

IIP ▢ 200x200µm2

shutter

f = 200mm

f = 250mm

OD2

FBH800-40

FBH800-40

BS 50:50

642nm 1W

f = 400mm

IIP

ZET635NF + 
ZET561NF

f = 120mm
T690LPxxr

f = 120mm

f = 120mm

flip 
mirrors

ET685/70M / 
561LP+607/70

beam 
stop
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O
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