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Figure 6. Remdesivir reduces gRNA and dsRNA content

(A) Representative confocal images of HCoV-229E-infected MRC5 cells in control and Remdesivir
(0.1 uM and 0.5 uM) treated cells using the same brightness and contrast threshold, labeled with
FISH probes targeting gRNA (magenta), anti-dsRNA antibody (green) and nuclear staining (blue).
Scale bar: 50 ym. (B) Representative confocal images showing gRNA (magenta) and dsRNA (green)
in control and 0.1uM Remdesivir-treated MRCS cells at 24 h p.i. Right: Quantification of the number
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of dsRNA puncta per cell in control and 0.1uM Remdesivir-treated (RDV) MRC5 cells at 24 h p.i.
Scale bar: 10 ym. ****, p< 10*. Data collected from 21 and 25 cells, respectively. (C-D) DL images
and corresponding SR reconstructions of two regions of a cell incubated with 0.1 yM Remdesivir at
24 h p.i. where gRNA (magenta) and dsRNA (green) are labeled. dsRNA puncta appeared at the
periphery of gRNA clusters, again anticorrelated. (E) Spatial point statistics verify anticorrelation of
gRNA and dsRNA. CSRis simulated with the same signal density (black). (F) Sizes of gRNA clusters
for Remdesivir-treated cells and untreated cells. Remdesivir treatment reduced the size of the gRNA
clusters. *, p< 10" (two-tailed t-test). (G) Sizes of dsRNA puncta for drug-treated cells and untreated
cells. **, p< 102 (two-tailed t-test).

DISCUSSION

Cryo-EM and cryo-ET have revealed the intricate inner structures of coronaviruses including
SARS-CoV and SARS-CoV-2 in host cells (Ke et al., 2020; Klein et al., 2020; Knoops et al., 2008;
Walls et al., 2020; Wrapp et al., 2020; Zhang et al., 2020). While these very high-resolution imaging
methods have illuminated the life cycle of coronaviruses, the molecular identity of the viral or host
proteins and genomes is largely lost, leaving various key questions unanswered, mostly due to the
lack of information on the molecular identity and/or insufficient sampling of the imaged species. Here,
we developed a multi-color and multi-scale fluorescence imaging framework to visualize spatial
interactions between viral RNAs and host cellular compartments at different stages of viral infection.
We chose one of the seven human coronaviruses that is globally extant, HCoV-229E, in MRCS5 lung
cells as our model system. Despite the fact that the Alphacoronavirus HCoV-229E enters the cell via
a different receptor (APN) (Yeager et al., 1992) from the Betacoronavirus, SARS-CoV2 (ACE2) (Wan
et al., 2020), and from the Alphacoronavirus hCoV-NL63 (Hofmann et al., 2005), their mechanisms
of replication and interactions with host machinery may considerably overlap.

We present a model for HCoV-229E RNA spatial organization during infection that
incorporates our observations (Figure 7) of three different specific structures: the large gRNA
clusters, the very tiny nanoscale puncta labeled by our gRNA label, and the round intermediate-
sized puncta highlighted by the dsRNA label.

First, our study shows that gRNA forms varying shaped irregular and extended web-like
clusters that are often associated with the ER (Figure 2C-F). Several studies showed SARS-CoV
and SARS-CoV-2 can modify the ER to create compartments such as double membrane vesicles
and convoluted membranes (Goldsmith et al., 2004; Knoops et al., 2008; Snijder et al., 2006). The
shape and the scale of the large gRNA clusters are reminiscent of the known convoluted membranes,
which can contain up to hundreds of copies of the gRNA. As infection time increases, these clusters
grow and can reach up to 9 square microns in area (Figure 3L). In contrast, at all stages of the
infection, numerous well-separated nanoscale (~70 nm) gRNA puncta are present in the cell with a
roughly constant size and brightness, which rarely associate with the ER membrane (Figure 3A-C).
Since the brightness and size distribution of these nanoscale puncta match well with those for
purified virions, these puncta appear to contain only a single copy of the gRNA. Importantly, 2-color
SR imaging of purified virions shows that spike protein forms a concentric shell with the gRNA in the
center (Figure 3l). As we rarely observe similar colocalization of gRNA puncta and spike protein
(Supplementary Figure 3D) in the cell cytoplasm, the isolated gRNA puncta are likely to be free
gRNA localized away from the ER. In addition, the sparsity of concentric colocalization suggests that
intact virions are likely not present in the cell for very long. At the same time, separate gRNA and
spike protein are scattered all over the remodeled ER membrane, but as is well-known, the spike
protein is membrane-embedded possibly with other capsid proteins waiting for assembly, while the
gRNA is cytoplasmic yet mostly confined inside the ER. It is necessary for the gRNA to transit to the

18


https://doi.org/10.1101/2021.06.09.447760
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.09.447760; this version posted January 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

other side of the ER enclosure to find the proper binding surface to assemble a virion. As gRNA as
well as spike proteins are present in high abundance, the synthesis of these appears to be fast
compared to virion assembly. The paucity of assembled virions suggests that assembled virions are
likely exported readily and rapidly. Thus, we believe that the rate-limiting step is the cytoplasmic
gRNA finding the nascent virion membrane studded with the required membrane-embedded proteins,
a process which is dependent on diffusion as well as on the required RNA-binding proteins.

Occasionally, we observed nanoscale gRNA puncta at a higher density (Figure 3A, bottom
left). As individual puncta are well separated, these could represent the vesicle packets (VP)
observed in several EM studies which contain multiple virions. It is unclear whether the virions inside
the packets are fully assembled virions or just single gRNA coated by nucleocapsid proteins (Knoops
et al., 2008; Ogando et al., 2020).
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Figure 7. SR-based model of HCoV-229E gRNA and dsRNA distribution

A model showing the spatial organization of an HCoV-229E infected cell. The ER membrane is
modified to create both convoluted membranes and DMVs. Large gRNA clusters were found in
association with the ER membrane, whereas well-separated nanoscale gRNA puncta are often not
connected to the ER. Rarely, assembled virions containing concentric colocalization of spike protein
and gRNA are observed. The DMVs are filled with dsRNA to different extents. Some DMVs are still
attached to the ER membrane, while others have budded off. These DMVs are separated from the
convoluted membrane, where gRNA clusters appear to be the products of active replication.

Second, our SR reconstructions show that dsRNA (intermediates of RNA replication and
transcription) forms larger, circularly shaped puncta of up to ~450 nm in diameter (Figure 5E).
Several cryo-EM studies captured DMVs in CoV-infected cells from other organisms, the size of
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which ranged from 100 - 400 nm in diameter (Klein et al., 2020; Knoops et al., 2008; Wolff et al.,
2020). We explored the hypothesis that our dsRNA puncta are located within DMVs. As infection
time increases, the number of dsRNA puncta increases (Figure 4D), while the distribution of the size
of dsRNA puncta stays the same. We note the circularity as well as the dimensions of these puncta
(slightly smaller than expected DMV diameters). Thus, these dsRNA puncta are likely encapsulated
by the lipid membrane of DMVs. Importantly, these dsRNA puncta do not colocalize with the ER
(Figure 2A-B). As the maximum size of the dsRNA puncta is consistent with being within the lipid
boundary of the DMVs, puncta that are over a couple hundred nanometers away from the ER signal
likely are already severed from the rest of the ER (Figure 5F-G and Figure 7). At the same time,
the dsRNA puncta adjacent to the ER could represent DMVs that are budding off from the ER
membrane (Figure 5F-G and Figure 7). Interestingly, dsRNA puncta were not visualized by the ER
membrane protein label we used in this study, suggesting that the composition and thus property of
the viral manipulated membrane may be different from the rest of the ER, or the high radius of
curvature of the DMVs or the membrane is too densely populated with viral proteins precluded the
single-pass label native to the ER. This is based upon the commonly observed decrease in binding
affinity as number of transmembrane passes decreases (Derganc and Copic, 2016; Larsen et al.,
2020).

Third, we found that while nanoscale (~70 nm) gRNA puncta we identify as single copies of
viral RNA typically have no dsRNA signal nearby, large gRNA clusters are decorated by dsRNA
puncta at the periphery, without colocalization. This striking spatial separation in contrast to previous
findings is likely caused by gRNA and dsRNA being stored in different compartments. One
explanation for this observation is that the FISH probes cannot access the gRNA when it is
hybridized in the dsRNA form either due to the base-pairing or competing binding of the dsRNA
antibody. Furthermore, this might suggest the possibility that fully synthesized gRNA and the storage
of its intermediate product (dsRNA) are separated, a potential distinction between the
Alphacoronaviruses and Betacoronaviruses, in which DMVs are active sites of RNA synthesis
(Knoops et al., 2008; Snijder et al., 2020). Another possibility is that the DMVs might only contain
double-stranded sgRNAs (mMRNA templates) that are not targeted by the FISH probes. The spatial
separation of positive sense full-length gRNA and sgRNA synthesis might be programmed for
optimal efficiency or in order to separate virion packaging and nonstructural protein expression. And
lastly, it is also plausible that the dsRNA puncta represent the active replication sites, and the gRNA
clusters represent replicated gRNAs that diffused away from the active replication sites.

Finally, we observed distinct responses of the gRNA clusters and dsRNA puncta with respect
to Remdesivir treatment (Figure 6). Overall, Remdesivir reduces the confocal fluorescent signal from
both gRNA and dsRNA (Figure 6A), as the ribonucleoside analog causes a reduction in viral RNA
amplification (Beigel et al., 2020; Spinner et al., 2020; Wang et al., 2020). However, the drug
treatment reduced the median size of gRNA clusters whereas the median size of dsRNA puncta
moderately increased (Figure 6F-G). Combined with our observations that dsSRNA and gRNA are
spatially separated with radically different shapes, we propose that the active RNA replication
happens within the convoluted membrane where gRNA forms clusters. Because the dsRNA objects
(putative DMVs) did not change size upon drug treatment, DMVs, might be a temporary storage
space for RNA replication intermediates before the next virion can be packaged. The benefit of such
spatial organization is a subject for further investigation. It is unclear whether the storage of dsRNA
has a particular benefit or is simply a byproduct, and the packaging of virions is slower than RNA
replication. Clearly, there are many open questions concerning the release of RNA from DMVs for
virion assembly or translation, and the pore structure found in other DMVs may be involved here
(Wolff et al., 2020).

Our observations highlight the advantages of multicolor fluorescence SR imaging in studying
the virus-host interaction with cellular context to observe nanoscale spatial organization of viral RNA
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and proteins in infected cells. The approach demonstrated here for the HCoV-229E-infected MRCS5
cells can be applied to the investigation of other coronaviruses to elucidate the interactions of viral
RNA with host cell organelles. In combination with high-throughput imaging systems, this method
can aid in drug testing processes where assessment of RNA distribution is important. Broadly, we
envision that future efforts will apply 3D advanced SR imaging techniques as well as the combination
of single-molecule imaging and cryo-electron tomography to simultaneously achieve nanometer
resolution and exquisite molecular specificity for virology research.
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METHODS

Cell culture

The MRC-5 cells (Cat# CCL-171, ATCC) and HEK293T cells (Cat# CRL-3216, ATCC) were cultured
in DMEM with GlutaMAX (Cat#10569010, Life Technologies) in 10% FBS (Cat#F0926, Sigma) at 37
°C and 5% CO2 in a humidified incubator.

Lentivirus production

To produce lentivirus, HEK293T cells were cultured in 10-cm dishes and transiently transfected with
9 ug lentiviral plasmid pLV-ER-GFP (Cat# 80069, Addgene, a gift from Pantelis Tsoulfas), 8 ug
pCMV-dR8.91, and 1 ug PMD2.G packaging plasmids using 25 pl TransIT®-LT1 Transfection
Reagent (Cat# MIR 2306, Mirus). After 72 h of transfection, supernatant was filtered through 0.45
um filters, concentrated using Lenti-X concentrator (Cat# VC100, ALSTEM) at 4°C overnight, and
centrifuged at 1,500 x g for 30 min at 4°C to collect virus pellets. The virus pellets were resuspended
in cold culture medium for storage at -80 °C for transduction of cells.

Generation of stable cell line

To generate MRC-5-ER-GFP stable cells for ER imaging, 400 K MRC-5 cells were seeded in one
well of a 6-well plate. One quarter of concentrated lentivirus expressing pLV-ER-GFP produced from
one 10-cm dish of HEK293T cells were added to cells for incubation while seeding. After two days’
incubation, cells expressing GFP were sorted out using a SONY SH800S sorter. To clarify, these
cells were only used for ER imaging; all other experiments used wild type cells.

229E production

Human coronavirus 229E (Cat# VR-740, ATCC) is amplified once by inoculating one T75 flask of
fully confluency MRC-5 cells. The supernatant was collected at 48 h p.i. and centrifuged at 1500 g
for 10 min to remove cell debris. The virus was aliquoted and stored at -80°C. The virus titer is
determined by TCIDS0 assay.

Infection of the cells by 229E

MRC-5 cells or MRC-5-ER-GFP cells were seeded at 4-4.5 x 10* cells per well into poly-D-lysine-

treated 8-well y-slides (Cat# 80826, IBIDI) one day before infection. The cells were then infected
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with 229E at an MOI (Multiplicity of infection) of 0.1 or 0.2. At 6, 12, or 24 hpi, the cells were fixed
for RNA FISH staining. For Remdesivir treatment, MRC5 cells were treated with 0.1 yM or 0.5 yM
Remdesivir 30 minutes after 229E infection.

Synthesis of the RNA FISH probes

Two sets of RNA FISH probes were designed targeting 229E, respectively, by utilizing the Stellaris®
RNA FISH Probe Designer (Biosearch Technologies, Inc., Petaluma, CA) available online at
https://www.biosearchtech.com/stellaris-designer (version 4.2). The probe set targeting 229E (+)
genomic RNA were designed targeting against the (+) RdRP-coding region within the ORF1a/b
region of 229E, and the probe set targeting 229E total RNA (including genomic RNA and mRNA)
were designed targeting the (+) N-protein-coding region and the 3’-UTR. A listing of all the FISH
probes is provided at the end of the document. The designed probes were ordered with 5SAmMC6
modifications from Integrated DNA Technologies in plate format of 25 nmole scale with standard
desalting. Each probe was dissolved in water to a final concentration of 100 yM. The same set of
probes was combined with equal volumes of each probe to get a stock of 100 uM mixed probes. The
mixed probes were further desalted using ethanol precipitation. Briefly, 120 uL 100 uM probes were
mixed with 12 yL 3 M sodium acetate (pH 5.5), followed by 400 pL ethanol. After precipitation at -
80°C overnight, probes were pelleted through centrifugation at 12,000 x g for 10 min at 4 °C, washed
with precooled 70% (vol./vol.) ethanol for three times, air dried, and dissolved in water to make a
100 uM solution of probes. Then, 18 yL 100 uM probes was mixed with 2 uyL 1 M NaHCO3 (pH 8.5),
followed by 100 pg Alexa FluorTM 647 succinimidyl ester (NHS) (Cat# A37573, Invitrogen) or CF568,
succinimidyl ester (NHS) (Cat# 92131, Biotium) dissolve in 2 yL dry DMSO (Cat# D12345,
Invitrogen). The mixture was incubated for 3 days at 37 °C in the dark for conjugation and purified
for 3 rounds using Monarch® PCR & DNA Cleanup Kit (5 ug) (Cat# T1030S, NEB) following the
manufacturer’s instructions. The estimated labeling efficiency of probes was calculated using the

following equation:
20

(Abase X gdye) / (Adye X gbase)
where g4ye is 239,000 cm™ M, €pase is 8,919 cm M, Apase is the absorbance of the nucleic acid at
260 nm, and Agye is the absorbance of the dye at 650 nm.

Modification ratio =

RNA FISH

RNA FISH was performed following the Stellaris RNA FISH protocols available online
(https://biosearchassets.blob.core.windows.net/assets/bit_stellaris_protocol_for_adherent_cells_in
_96_well_glass_bottom_plates.pdf) (Femino et al., 1998; Raj et al., 2008). Briefly, cells cultured in
8-well p-slides were washed with 1xPBS, fixed with 3.7% formaldehyde in 1xPBS at room
temperature for 10 min, washed twice with 1xPBS, and then permeabilized with 70% (vol./vol.)
ethanol for >1 hour at 4°C. After decanting 70% ethanol from wells, 200 yL Wash Buffer A (40 yL
Stellaris® RNA FISH Wash Buffer A (Cat# SMF-WA1-60, LGC Biosearch Technologies), 20 yL
deionized formamide, 140 uL H2-O) was added to cells and incubated at room temperature for 5 min.
After decanting Wash Buffer A, 100 pyL Hybridization Buffer (90 uL Stellaris® RNA FISH
Hybridization Buffer (Cat# SMF-HB1-10, LGC Biosearch Technologies), 10 uL deionized formamide)
containing 2 yL 12.5 yM RNA FISH probes was added into each well and incubated for 16 hours at
37 °C in the dark. Then cells were washed with Wash Buffer A for 30 min at 37°C in the dark, washed
with Wash Buffer A containing DAPI for 30 min at 37°C in the dark, and stored in Wash Buffer B
(Cat# SMF-WA1-60, LGC Biosearch Technologies) for imaging. DAPI was only added to the
samples for DL imaging and not added to the samples for SR imaging.
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For two-color RNA FISH staining, 2 yL 12.5 yM AF647-labeled RNA FISH probes targeting
the RdRp region and 2 yL 12.5 yM CF568-labeled RNA FISH probes targeting the N-protein and 3'-
UTR region were added together into 100 yL Hybridization Buffer for incubation in each well. The
other steps of RNA FISH staining are the same.

Simultaneous RNA FISH and immunofluorescence staining

Cells cultured in 8-well u-slides were fixed and permeabilized as described for RNA FISH. All
following steps were performed at 37 °C. After decanting 70% ethanol, cells were washed once with
Wash Buffer A at room temperature for 5 min. For simultaneous staining of gRNA and dsRNA, wild
type cells were incubated with 100 pL Hybridization Buffer containing 2 yL 12.5 yM AF647-labled
gRNA FISH probes and 1:1000 anti-dsRNA antibodies (Scicons J2 mouse monoclonal antibody) for
4 hours in the dark. Then cells were incubated with 1:20000 CF™ 568 Donkey anti-mouse antibody
(Sigma, SAB4600075) for 30 min, washed with Wash Buffer A containing DAPI for 30 min in the
dark, and stored in Wash Buffer B for imaging. For simultaneous staining of gRNA and ER membrane,
transduced cells were incubated with 100 yL Hybridization Buffer containing 2 pL 12.5 yM CF568-
labled gRNA FISH probes and 1:2000 AF647-labeled anti-GFP nanobody (Chromotek, gb2AF647-
50) for 4 hours in the dark. Then cells were washed twice with Wash buffer A containing DAPI for 30
min in the dark and stored in Wash Buffer B for imaging. For simultaneous staining of dsRNA and
ER membrane, transduced cells were incubated with 100 yL Hybridization Buffer containing 1:1000
anti-dsRNA antibodies and 1:2000 AF647-labeled anti-GFP nanobody for 4 hours in the dark. Then
cells were incubated with 1:20000 CF™ 568 Donkey anti-mouse antibody for 30 min, washed with
Wash Buffer A containing DAPI for 30 min in the dark, and stored in Wash Buffer B for imaging. For
simultaneous staining of gRNA and Spike proteins, wild type cells were incubated with 100 pL
Hybridization Buffer containing 2 uL 12.5 yM CF568-labled gRNA FISH probes and 1:500 anti-Spike
antibodies (Cat# PAB21477-500, The Native Antigen Company) for 4 hours in the dark. Then cells
were incubated with 1:1000 AF647-labeled Donkey anti-Rabbit antibody (Cat# A-31573, Invitrogen)
for 30 min, washed with Wash Buffer A containing DAPI for 30 min in the dark, and stored in Wash
Buffer B for imaging. DAPI was not added to the samples for SR imaging.

RNA FISH and immunofluorescence staining of purified virions

4x10* TCID50 of 229E virus in 200 yl DMEM medium were added into one well of poly-D-lysine-
treated 8-well p-slides and incubated at 4°C for 24 h to coat the virions onto the surface of the well.
Then, the media containing virions was removed and 3.7% formaldehyde in 1xPBS was directly
added to the well for a 10-min incubation at room temperature. The well coated with virions was
washed twice with 1XxPBS, permeabilized with 70% (vol./vol.) ethanol for >1 hour at 4 °C, and washed
with Wash Buffer A at room temperature for 5 min. After decanting Wash Buffer A, 100 pL
Hybridization Buffer containing 2 yL 12.5 yM RNA FISH probes was added to the well and incubated
for 16 hours at 37 °C in the dark. The wells coated with virions were washed twice with Wash Buffer
A by incubating for 30 min at 37 °C in the dark and stored in Wash Buffer B for imaging.

For two-color staining of purified 229E virions with both gRNA FISH probes and anti-spike
antibody, the virions coated on poly-D-lysine-treated 8-well p-slides were fixed, permeabilized, and
washed with Wash Buffer A as described in the previous paragraph. After decanting Wash Buffer A,
100 pL Hybridization Buffer containing 2 yL 12.5 yM CF568-labeled gRNA FISH probes was added
into the well coated with virions and incubated for 14 hours at 37 °C in the dark. Then, 1:500 anti-
spike antibodies were added to the hybridization system containing FISH probes for another 4-h
incubation at 37 °C in the dark. Virions were next incubated with 1:1000 AF647-labeled Donkey anti-
Rabbit antibody in Wash Buffer A for 30 min at 37 °C in the dark, washed with Wash Buffer A for 30
min at 37 °C in the dark, and stored in Wash Buffer B for imaging.
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Spinning disk confocal microscopy

Confocal microscopy was performed on a Nikon TiE inverted spinning disk confocal microscope
(SDCM) equipped with a Photometrics Prime 95B camera, a CSU-X1 confocal scanner unit with
microlenses, and 405 nm, 488 nm, 561 nm, and 642 nm lasers, using the 60 x PLAN APO IR water
objective (NA = 1.27). Images were taken using NIS Elements version 4.60 software with Z stacks
at 0.3 pym steps. The camera pixel size of SDCM is 0.183 um/pixel. The pinhole size is 50 ym. Only
one Z slice is used for all images shown.

Confocal image analysis

To quantify the number of infected MRCS cells at different stages of the infection in Fig 4C and Fig
6A, we counted cells with both gRNA and dsRNA staining as infected cells in FIJI (Schindelin et al.,
2012). The infected cells were further characterized manually into two types in Fig 4D: type | shows
scattered dot-like localization of both gRNA and dsRNA; type Il shows large clusters of gRNA
decorated with small dot-like dsRNA puncta. The plots showing the number of different cell types
and total cell number were generated by Prism 9.

To quantify the number of dsRNA puncta in each cell in Fig 4D and Fig 6B, the Trackmate
(Tinevez et al., 2017) plugin in FIJI was used. We experimentally tested parameters to detect dssRNA
puncta using LoG detector in the Trackmate plugin, and the same parameters were used for all
conditions (estimate blob diameter=0.5; Threshold=50, with median filter and sub-pixel localization).
The Trackmate analysis was performed on full 3D stacks. The plots showing the number of detected
puncta were generated by Prism 9.

Super-resolution microscopy

To accurately determine the location of the various two-color labeled targets in the cell, we use
super-localization to pinpoint the location of single molecules where photobleaching was used to
reduce the emitting concentration. Cells were cultured and fixed as previously described. Before SR
imaging, the PBS was replaced by a reducing and oxygen-scavenging buffer (Halpern et al., 2015)
optimized for dAISTORM blinking that consists of 100 mM Tris-HCI (Invitrogen), 10% (wt/vol) glucose
(BD Difco), 2 pl/ml catalase (C100, Sigma-Aldrich), 560 ug/ml glucose oxidase (Sigma-Aldrich), and
50 mM cysteamine (Sigma-Aldrich). For two-color imaging, the buffer was also supplemented with
71.5 mM B-mercaptoethanol (Sigma-Aldrich).

Single-molecule imaging experiments were performed on a custom epifluorescence
microscope (Nikon Diaphot 200) equipped with a Si EMCCD camera (Andor iXon DU-897) and a
high NA oil-immersion objective (Olympus UPlanSapo 100x/1.4 NA). Molecules labeled with AF647
were excited with 642-nm, 1-W continuous-wave laser (MPB Communications Inc.) at ~ 6.5 kW/cm?
whereas Molecules labeled with CF568 were excited with 561 nm 200 mW continuous-wave laser
10 kW/cm?. An exposure time of 50 ms and a calibrated EM gain of 193 was used for image
acquisition. The emission from fluorescent molecules was collected through a 4-pass dichroic mirror
(Semrock, Di01-R405/488/561/635) and filtered by a ZET561NF notch filter (Chroma), ZET642NF
notch filter (Chroma), a 561 EdgeBasic long-pass filter (Semrock), and ET610/60 bandpass filter
(Chroma) for CF568 detection or ET700/75m bandpass filter (Chroma) for AF647 detection. For two-
color experiments, AF647 data was acquired before CF568 data to avoid bleaching of AF647 via
561 nm excitation.

SR data analysis

We processed approximately 40000 frames of single-molecule images for 2D Gaussian fitting by

ThunderSTORM (FIJI) (Schindelin et al., 2012; Tinevez et al., 2017). We used the local maximum
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algorithm to estimate localization of molecules with a 3xstd peak intensity threshold and 8-
neighborhood connectivity. A 3-pixel fitting radius was used to fit the point spread function using
weighted least square method. Localization precision of AF647 and CF568 was determined
experimentally to be around 10 nm. Dye conjugated FISH probes were immobilized to the cell
chamber and imaged under the same condition as cellular imaging. The localization precision is
estimated by taking the standard deviation of the multiple measured positions of the immobile single
molecules (Supplementary Figure 2F). Sample drift was corrected by cross-correlation, followed
by filtering (sigma < 200 nm; uncertainty of localization < 20 nm). To suppress biases from
overcounting, blinking events were merged if occurred within 30 frames and 20 nm. Images were
reconstructed as 2D histograms with a bin size of 23.4 nm, corresponding to a five-time magnification
(camera pixel size 117.2 nm).

For two-color SR imaging, the two channels were registered by imaging 200 nm TetraSpeck
beads (Invitrogen) visible in both channels, followed by affine transformation using MATLAB’s built-
in function fitgeotrans (fiducial registration error ~ 7 nm). The calculated transformation matrix was
then applied to the respective reconstructed images.

Virion quantification

For every field of view of purified virions, a diffraction-limited image was acquired before single-
molecule data acquisition. In the DL image, each virion labeled with gRNA is fitted with a 2D gaussian
function (the same way as described in SR data analysis) and the total intensity of each virion can
be extracted. Next, the integrated brightness of single molecules (each FISH probe) within the virions
is measured by fitting a 2D Gaussian function. An average value of the brightness of each individual
FISH probe was determined. Finally, the number of FISH probes labeling each virion is calculated
by dividing the total brightness of each virion by the brightness of individual FISH probes. For spike
labeled virions, the shapes were often more elliptical than circular. Thus, the virions here were fit
with an elliptical 2D Gaussian function. The average of the major and minor axes was used to
calculate an estimation for the full width at half maximum of the virion.

Clustering analysis

To calculate the sizes of gRNA and dsRNA clusters as well as the number of molecules within each
cluster, we used Voronoi tessellation on the single molecules from the previous step using a custom
MATLAB script (Supplementary code.A). The Voronoi cell was determined for each individual
molecule by MATLAB’s built-in function “Voronoi”. For a molecule to be considered within a cluster,
we used 500 nm? and 1000 nm? as cell area threshold for gRNA and dsRNA molecules, respectively.
We checked for robustness against the choice of these thresholds and could verify that changing
their values does not dramatically affect cluster sizes or numbers. All Voronoi cells that share borders
were then merged into a single cluster (Supplementary Figure 4 H-K). After merging Voronoi cells,
peripheral molecules that had much larger cell areas were added to a given cluster if their distance
to the nearest neighbor located within that cluster was smaller than the shortest pairwise distance
within the cluster. Finally, the area of the clusters was calculated by the summation of all individual
cell areas of the cluster (excluding the peripheral molecules).
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