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Abstract

While SARS-CoV-2 continues to adapt for human infection and transmission, genetic varia-

tion outside of the spike gene remains largely unexplored. This study investigates a highly

variable region at residues 203–205 in the SARS-CoV-2 nucleocapsid protein. Recreating a

mutation found in the alpha and omicron variants in an early pandemic (WA-1) background,

we find that the R203K+G204R mutation is sufficient to enhance replication, fitness, and

pathogenesis of SARS-CoV-2. The R203K+G204R mutant corresponds with increased viral

RNA and protein both in vitro and in vivo. Importantly, the R203K+G204R mutation

increases nucleocapsid phosphorylation and confers resistance to inhibition of the GSK-3

kinase, providing a molecular basis for increased virus replication. Notably, analogous ala-

nine substitutions at positions 203+204 also increase SARS-CoV-2 replication and augment

phosphorylation, suggesting that infection is enhanced through ablation of the ancestral

‘RG’ motif. Overall, these results demonstrate that variant mutations outside spike are key

components in SARS-CoV-2’s continued adaptation to human infection.

Author summary

Since its emergence, SARS-CoV-2 has continued to adapt for human infection resulting

in the emergence of variants with unique genetic profiles. Most studies of genetic variation

have focused on spike, the target of currently available vaccines, leaving the importance of

variation elsewhere understudied. Here, we characterize a highly variable motif at residues

203–205 in nucleocapsid. Recreating the prominent nucleocapsid R203K+G204R muta-

tion in an early pandemic background, we show that this mutation is alone sufficient to
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enhance SARS-CoV-2 replication and pathogenesis. We also link augmentation of SARS-

CoV-2 infection by the R203K+G204R mutation to its modulation of nucleocapsid phos-

phorylation. Finally, we characterize an analogous alanine double substitution at positions

203–204. This mutant was found to mimic R203K+G204R, suggesting augmentation of

infection occurs by disrupting the ancestral sequence. Together, our findings illustrate

that mutations outside of spike are key components of SARS-CoV-2’s adaptation to

human infection.

Introduction

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS)-CoV-2 is the most

significant infectious disease event of the 21st century [1,2]. Since its initial expansion, SARS-

CoV-2 has continued to adapt for human infection and transmission, resulting in several vari-

ants of concern [3]. While most mutations occur within a single lineage, a small number are

shared across multiple variants [4]. Spike mutations have dominated SARS-CoV-2 variant

research, owing to concerns that they enhance replication, augment transmission, or allow

escape from immunity [4]. However, less attention has been focused on mutations outside

spike, despite the existence of other “mutational hotspots” in the genome [4]. The SARS-CoV-

2 nucleocapsid (N) gene is one hotspot for coding mutations, particularly at amino acid resi-

dues 203–205 within its serine rich (SR) domain [5]. Three prominent mutations occur in this

region including R203K+G204R, a double substitution (KR mt) present in the alpha, gamma,

and omicron variants; T205I present in the beta variant; and R203M that occurs in the kappa

and delta variants [6,7]. Together, this genetic variation and convergent evolution in residues

203–205 suggests positive selection in this motif of N.

Here, we utilize our reverse genetic system [8,9] to generate the KR nucleocapsid mutation

in the ancestral WA-1 strain of SARS-CoV-2. This change alone was sufficient to increase viral

replication in respiratory cells and exhibited enhanced fitness in direct competition studies

with wild type (WT) SARS-CoV-2. In the hamster model, the KR mutant (mt) enhanced path-

ogenesis and outcompeted WT in direct competition. We subsequently found that the KR mt

corresponds with increased viral RNA both in vitro and in vivo. Notably, we observed that the

KR mt resulted in augmented nucleocapsid phosphorylation relative to WT SARS-CoV-2;

similar increases in N phosphorylation were also seen in the alpha and kappa variants. Impor-

tantly, the KR mt was more resistant to GSK-3 kinase inhibition relative to WT SARS-CoV-2,

suggesting that the KR mt alters interactions with N targeting kinases. Finally, an analogous

alanine double substitution mutant at position 203+204 (AA mt) also increased fitness and

altered phosphorylation relative to WT SARS-CoV-2. Together, these results suggest that dis-

ruption of the ancestral “RG” motif in nucleocapsid augments infection, fitness, and pathogen-

esis of SARS-CoV-2.

Results

Genetic analysis of a highly variable motif of SARS-CoV-2 nucleocapsid

Using SARS-CoV-2 genomic data from the GISAID database [6], we binned each sequence by

month of collection and performed an in silico search for variation at residues 203–205 within

nucleocapsid (Fig 1A). Three prominent mutations emerged from this analysis. The first is the

R203K+G204R double substitution (KR mt), present in the alpha, gamma, and omicron vari-

ants (Fig 1D). Historically, the KR mt has been the most abundant mutation in this region,

PLOS PATHOGENS Nucleocapsid mutations augment SARS-CoV-2 infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010627 June 21, 2022 2 / 22

at UTMB COVID-19 Research Fund. Research was

also supported by STARs Award provided by the

University of Texas System to VDM. Trainee

funding provided by NIAID of the NIH to MNV

(T32-AI060549) and to CS (T32-AI007526). BAJ

was supported by the James W. McLaughlin

Fellowship Fund. The funders had no role in study

design, data collection and analysis, decision to

publish, or preparation of the manuscript.

Competing interests: I have read the journal’s

policy and the authors of this manuscript have the

following competing interests: X.X., P-Y. S, and V.

D.M. have filed a patent on the reverse genetic

system and reporter SARS-CoV-2. Other authors

declare no competing interests.

https://doi.org/10.1371/journal.ppat.1010627


emerging early in the pandemic and reaching 73% of reported sequences in April 2021 (Fig

1A and S1 Table). The second prominent mutation, T205I, is present in the beta, eta, and mu

lineages (Fig 1D). While also emerging early in the pandemic, T205I is a minority variant

which peaked at 9% in February 2021 (Fig 1A and S1 Table). The third prominent variant

mutation is R203M, present in the delta and kappa variants (Fig 1D). Interestingly, while the

R203M mutation was first detected in March 2020, it persisted as a rare (<1%) variant until

April 2021 when it began expanding rapidly, reaching 97% of all reported sequences by

November 2021, displacing the KR and T205I mutations (Fig 1A and S1 Table). However,

with the recent emergence of the omicron variant, the KR mt has regained prominence, dis-

placing R203M as the most common mutation and reaching 93% of all newly reported

Fig 1. The KR mt enhances SARS-CoV-2 replication. (A) Amino acid frequencies for nucleocapsid residues 203–205 in SARS-CoV-2

sequences reported to the GISAID, binned by month of collection and graphed as percent of total sequences reported during that period.

(B-C) Viral titer from Vero E6 (B) or Calu-3 2b4 cells (C) infected with WA-1 (black) or the alpha variant (red) at an MOI of 0.01 (n�6).

(D). Schematic of the SR domain of SARS-CoV-2 nucleocapsid. Variable residues are displayed as red text within the sequence of their

corresponding lineages. Phosphorylated residues are indicated by a †. (E) Schematic of the SARS-CoV-2 genome, showing the creation of

the KR mutation and the replacement of ORF7 with the mNG reporter protein. (F-G) Viral titer of Vero E6 (F) or Calu-3 2b4 (G) cells

infected with WT (black) or the KR mt (red) at a MOI of 0.01 (n = 9). (H) Competition assay between WT (gray) and KR mt (red) in Vero

E6 or Calu-3 2b4 cells infected at a 1:1 input ratio with an MOI of 0.01 (n = 6). Titer data are the mean ± s.d. For competition, individual

replicates are graphed as points, while the mean percentage of each virus is displayed as a bar graph. Statistical significance was determined

by two-tailed student’s T-test with p�0.05 (�), p�0.01 (��), and p� 0.001 (���). Grey dotted lines are equal to LOD. Schematic in (D)

generated using Biorender.com.

https://doi.org/10.1371/journal.ppat.1010627.g001
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sequences in January 2022. Together, these data reveal a complex pattern of genetic variation

and convergent evolution for residues 203–205 of SARS-CoV-2 N.

To determine if mutations in this variable motif have the potential to enhance infection, we

evaluated the replication kinetics of SARS-CoV-2 variants. Two cell models were selected for

this analysis: Vero E6 (commonly used for propagation and titration of SARS-CoV-2) and

Calu-3 2b4 (a respiratory cell line used to study coronavirus and influenza infection) [10,11].

Briefly, Vero E6 or Calu-3 2b4 cells were inoculated at a low multiplicity of infection (MOI) of

0.01 plaque forming units/cell with the early pandemic Washington-1 (WA-1) strain or a

SARS-CoV-2 variant and replication kinetics monitored for 48 hours post infection (hpi). In

Vero E6 cells, while the alpha and beta variants replicated to equivalent endpoint titers com-

pared to WA-1, both variants had slightly lower titers at 24 hpi (Figs 1B and S1A). In contrast,

the kappa variant replicated to ~15-fold lower titer than WA-1 throughout infection (S1A

Fig), potentially due to processing mutations in SARS-CoV-2 spike shared with the delta vari-

ant [12]. Interestingly, in Calu-3 2b4 cells, the alpha variant replicated to a 5.6 fold higher end-

point titer compared to WA-1 (Fig 1C). In contrast, the beta variant replicated to a lower (2.7

fold) mean endpoint titer compared to WA-1 while the kappa variant showed no significant

differences with WA-1 (S1B Fig). Together, these data demonstrate that SARS-CoV-2 variants

harboring N mutations have altered replication kinetics, suggesting N mutants may modulate

infection.

The KR and R203M mts alone are sufficient to increase viral replication

Because the alpha variant exhibited increased replication in Calu-3 2b4 cells, we hypothesized

that the KR mt may enhance infection. To study the effects of the KR mt in isolation, we uti-

lized a SARS-CoV-2 reverse genetic system to recreate the KR mt in a WA-1 background (Fig

1E) [8,9]. In addition, due to gain-of-function concerns, the accessory protein ORF7 was

replaced with mNeonGreen (mNG), which reduces but does not eliminate disease in golden

Syrian hamsters (S2 Fig). After recovery of recombinant virus, we evaluated the KR mt’s effects

on SARS-CoV-2 replication. Both Vero E6 and Calu-3 2b4 cells were infected at a low MOI

(0.01) with either SARS-CoV-2 WA-1 harboring the mNG reporter (herein referred to as WT)

or the KR mt and viral titer monitored for 48 hpi. Like the alpha variant, the KR mt grew to a

lower titer at 24 hpi, but had an equivalent endpoint titer in Vero E6 cells (Fig 1F). Notably, in

Calu-3 2b4 cells, the KR mt had increased viral titer at both 24 and 48 hpi compared to WT

SARS-CoV-2 (Fig 1G). These data suggest the KR mt in nucleocapsid alone is sufficient to

enhance viral replication.

Next, we wanted to examine the ability of other variant mutations in the 203–205 motif of

nucleocapsid to enhance SARS-CoV-2 replication. Using our reverse genetic system, we recre-

ated the R203M mutation in a WA-1 mNG background and evaluated its replication in Vero

E6 and Calu-3 2b4 cells (S3 Fig). Interestingly, like the KR mt, in Vero E6 cells the R203M

mutant grew to lower titer at 24 hpi but had a similar endpoint titer compared to WT SARS-

CoV-2 (S3B Fig). In Calu-3 2b4 cells, the R203M mutant again mimicked the KR mt, growing

to a higher titer than WT at 24 and 48 hpi (S3C Fig). These data suggest that like the KR mt,

the R203M mutation alone is sufficient to enhance SARS-CoV-2 replication.

The KR mt enhances SARS-CoV-2 fitness during direct competition

We next determined if the KR mt increases SARS-CoV-2 fitness using competition assays,

which offer increased sensitivity compared to individual culture experiments [13]. WT SARS-

CoV-2 and the KR mt were directly competed by infecting Vero E6 and Calu-3 2b4 cells at a

1:1 plaque forming unit ratio. Twenty-four hpi, total cellular RNA was harvested and the ratio
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of WT to KR mt genomes determined by next generation sequencing (NGS) [14]. Consistent

with the kinetic data, WT outcompeted the KR mt at a ratio of ~4:1 in Vero E6 cells (Fig 1H).

In contrast, the KR mt outcompeted WT at a ratio of ~10:1 in Calu-3 2b4 cells (Fig 1H). These

data indicate that the KR mt has a fitness advantage over WT SARS-CoV-2 in Calu-3 2b4, but

not Vero E6 cells.

The KR mt increases pathogenesis and fitness in vivo
We next determined the effects of the KR mt in vivo using a golden Syrian hamster model of

SARS-CoV-2 infection [15]. Three- to four-week-old male hamsters underwent intranasal

inoculation with either PBS (mock) or 104 plaque forming units (PFU) of WT SARS-CoV-2 or

the KR mt and weight loss was monitored for 10 days post infection (dpi, Fig 2A). On days 2

and 4, a cohort of five animals from each group underwent nasal washing, were euthanized,

and trachea and lung tissue harvested for measurement of viral loads and histopathologic anal-

ysis. On day 10, surviving animals were euthanized and lung tissue harvested for histopatho-

logical analysis. Strikingly, animals infected with the KR mt had increased weight loss

compared to WT throughout the experiment (Fig 2B). Curiously, weight loss changes did not

correlate with increased viral loads, as no significant viral titer difference in the lung or trachea

was observed between WT and the KR mt (Fig 2C and 2D). Furthermore, the KR mt caused a

small, but significant, decrease in titer in nasal washes on day 2, but not day 4 (Fig 2E). Con-

trasting the titer data, histopathologic analysis of lungs revealed that the KR mt had more

severe lesions compared to WT SARS-CoV-2 (Fig 3). Compared to mock (Fig 3A), both WT

and the KR mt had bronchiolitis and interstitial pneumonia; however, larger and more diffuse

pulmonary lesions were observed in the KR mt on day 4 (Fig 3B and 3C). In addition, the KR

mt had cytopathic alveolar pneumocytes and alveoli containing both mononuclear cells and

red blood cells (Fig 3C). By day 10, both WT and the KR mt showed signs of recovery, but

maintained interstitial pneumonia adjacent to the bronchi absent in mock-infected animals

(Fig 3D–3F). Notably, the KR mt had evidence of cytopathic effect in bronchioles, perivascular

edema, and immune infiltration of the endothelium. Together, these data demonstrate that the

KR mt increases disease following SARS-CoV-2 infection in vivo.

We next evaluated the KR mt’s effects on SARS-CoV-2 fitness and transmission in vivo.

Singly housed three- to four-week-old male donor hamsters were intranasally inoculated with

104 PFU of WT SARS-CoV-2 and the KR mt at a ratio of 1:1 (Fig 4A). On day 1 of infection,

each donor hamster was co-housed with a recipient for 8 hours to allow transmission. Ham-

sters were then separated and SARS-CoV-2 present in the nasal cavities of the donors sampled

by nasal wash. On day 2, each recipient hamster underwent nasal washing to sample transmit-

ted SARS-CoV-2. Donor and recipient hamsters then underwent nasal washing and harvesting

of lung tissue on days 4 and 5, respectively, and the ratio of WT to KR mt in all samples was

determined by NGS [14]. Neither WT nor the KR mt consistently dominated in the donor

washes on day 1; similarly, the day 2 nasal washes from the recipients showed no distinct

advantage between KR mt and WT for transmission (Fig 4B and 4C). However, at day 4 and 5

in the donor and recipient, respectively, the KR mt was slightly more predominant in the nasal

wash (Fig 4B and 4C). Notably, the KR mt dominated the SARS-CoV-2 population found in

lungs of both donor and recipient animals on days 4 and 5 (Fig 4B and 4C). Together, these

results suggest that the KR mt outcompetes WT in vivo independent of transmission.

The KR mt increases viral RNA and antigen levels

The CoV N protein has previously been shown to play a role in the transcription of viral

RNA [16–19]. To evaluate changes in viral RNA levels during infection with the KR mt,
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we performed RT-qPCR to measure levels of SARS-CoV-2 transcripts following infection

of Calu-3 2b4 cells (S4 Fig). Compared to WT infected cells, the KR mt had a >32-fold

increase in levels of all viral transcripts, demonstrating a broad increase in SARS-CoV-2

RNA levels (Fig 5A). This finding is not surprising considering the increased viral titer

observed in Calu-3 2b4 cells (Fig 1G). We subsequently examined the levels of full-length

viral RNA in the lungs of infected hamsters (Fig 5B), finding a significant increase at 2-

and 4- dpi. In contrast, the virus lung titer at both time points had no significant differ-

ence (Fig 2C), indicating that the KR mt increases the levels of viral RNA despite not

increasing titer. Further extending our analysis, we explored in vivo SARS-CoV-2 N anti-

gen staining in the lungs of infected animals (Fig 5C). KR mt infected animals showed

increased viral antigen staining and substantially larger lesion size compared to WT.

Additionally, while lesions in WT infected animals were mostly limited to cells adjacent to

the airways, KR mt infected animals showed staining throughout the parenchyma.

Together, these data indicate despite having no effect on lung titer, the KR mt leads to

increased viral RNA accumulation and greater virus spread in the lung compared to WT

SARS-CoV-2.

Fig 2. The KR mt enhances SARS-CoV-2 pathogenesis. (A) Schematic of the infection of hamsters with SARS-CoV-2. (B-E) Three- to four-

week-old male hamsters were mock-infected (gray) or inoculated with 104 PFU of WT SARS-CoV-2 (black) or the KR mt (red). Animals were

then monitored for weight loss (B). On days 2 and 4 post infection, viral titers in the lung (C), trachea (D), and from nasal washes (E) were

determined. For weight loss data, mean percent weight loss was graphed ± s.e.m. For titer data, individuals were graphed with means ± s.d.

indicated by lines. Statistical significance between WT and the KR mt was determined by student’s T-Test with 0p�0.05 (�), p�0.01 (��), and

p� 0.001 (���). Grey dotted lines are equal to LOD. Schematic in (A) was generated by authors using Biorender.com.

https://doi.org/10.1371/journal.ppat.1010627.g002
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The KR mt increases phosphorylation of SARS-CoV-2 N

Having confirmed a role in viral RNA transcription, we next considered how mutations in res-

idues 203–205 of nucleocapsid’s SR domain might provide an advantage for SARS-CoV-2.

Nsp3, the multi-faceted viral protease, interacts with the SR domain to increase viral transcrip-

tion [18–22]. Importantly, this interaction is governed by phosphorylation of the SR domain,

which is targeted by the SRPK, GSK-3, and Cdk1 kinases [5,22–28] Given the proximity to key

priming residues required for GSK-3 mediated phosphorylation (Fig 6D) [28], we hypothe-

sized that the KR mt alters nucleocapsid phosphorylation. To overcome the lack of phospho-

specific antibodies for nucleocapsid, we used phosphate-affinity SDS-PAGE (PA SDS-PAGE).

PA SDS-PAGE utilizes a divalent Zn2+ compound (Phos-Tag) within acrylamide gels that

selectively binds to phosphorylated serine, threonine, and tyrosine residues; the bound Zn2+

decreases electrophoretic mobility of a protein proportionally with the number of phosphory-

lated amino acids [29]. Importantly, if a protein exhibits multiple phosphorylation states, this

will cause a laddering effect, with each phospho-species appearing as a distinct band (Fig 6A).

To assess the KR mt’s effects on N-phosphorylation, we infected Calu-3 2b4 cells at a MOI

of 0.01 and harvested whole cell lysates 48 hpi. Lysates then underwent PA SDS-PAGE fol-

lowed by western blotting with an N-specific antibody. When analyzed by PA SDS-PAGE, WT

SARS-CoV-2 displayed a two-band pattern consisting of a faint upper and prominent lower

Fig 3. Lung histopathology in hamsters infected with WT and KR mt SARS-CoV-2. Lung tissue was harvested, fixed, and 5 μm sections cut

from mock, WT SARS-CoV-2, or KR mt-infected hamsters and stained with hematoxylin and eosin. (A) Normal bronchus, pulmonary artery,

and alveoli in mock infection on day 4 (20X). (B) Bronchiolitis, peribronchiolitis, interstitial pneumonia, and edema surrounding branch of the

pulmonary artery at day 4 in hamsters infected with WT virus (10X). (C) Severe bronchiolar cytopathic effect, interstitial pneumonia, cytopathic

alveolar pneumocytes, alveoli containing mononuclear cells and red blood cells at day 4 in hamsters infected with KR mt. This lesion extended

over numerous fields (10X). (D) Normal respiratory bronchiole, alveolar ducts, and alveolar sacs in mock infection on day 10 (20X). (E)

Interstitial pneumonia adjacent to a bronchus at day 10 in hamsters infected with WT (20X). (F) Bronchiolar epithelial cytopathic effect,

peribronchiolitis, focal interstitial pneumonia, branch of pulmonary artery with surrounding edema and mononuclear cell infiltration of

endothelium at day 10 in a hamster infected with the KR mt (20X). Shown are representative images typical of data gathered from 5 animals

from each group.

https://doi.org/10.1371/journal.ppat.1010627.g003
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band, corresponding to a highly phosphorylated and a less phosphorylated species, respectively

(Fig 6B, lane 1). In contrast, the KR mt displayed four dark bands of progressively slower

mobility, indicating a substantially different phosphorylation pattern (Fig 6B, lane 2). Impor-

tantly, all four bands migrated more slowly than the prominent WT band, indicating an overall

increase in phosphorylation in the KR mt, which corresponds to increased virus replication

(Fig 1G). We next examined N phosphorylation in Vero E6 cells; cells were infected at a MOI

of 0.01 and whole cell lysates taken 24 hpi. In Vero E6 cells, WT SARS-CoV-2 exhibited

2-bands of equal strength, indicating a relative increase in phosphorylation compared to Calu-

3 2b4 cells (Fig 6C, lane 1). In contrast, the KR mt displayed 3 dark bands with faster mobility

relative to WT, indicating a decrease in overall phosphorylation (Fig 6C, lane 2). This reduced

phosphorylation corresponds with the replication attenuation seen in this cell type (Fig 1F).

Together, these data indicate that the relative level of SARS-CoV-2 nucleocapsid phosphoryla-

tion plays a role in virus replication.

Given the KR mt’s effects, we next determined if SARS-CoV-2 variants had altered N-

phosphorylation. Calu-3 2b4 cells were infected at a MOI of 0.01 with WA-1 or the alpha,

beta, or kappa variants and whole cell lysates harvested at 48 hpi. When analyzed by PA

SDS-PAGE, WA-1 had a two-band pattern similar to WT SARS-CoV-2, while the alpha

variant displayed a four-band pattern with slower mobility similar to that of the KR mt

(Fig 6B, lanes 3–4). Interestingly, the mobilities of the alpha variant bands were decreased

compared to the KR mt indicating an even higher level of phosphorylation, potentially

due to the alpha variant’s additional nucleocapsid mutations at D3L and S235F [6, 7].

While both the beta (T205I) and kappa (R203M) variants also displayed slower electro-

phoretic mobility compared to WA-1, the beta variant displayed a two-band pattern remi-

niscent of WA-1 while kappa displayed a laddered pattern similar to the KR mt (Fig 6B,

lanes 5–6). Together, these data suggest variant mutations at residues 203–205 result in

increased N phosphorylation.

Fig 4. The KR mt enhances SARS-CoV-2 fitness in vivo. (A) Schematic of competition/transmission experiment. (B-C) Three- to four-week-

old male donor hamsters were inoculated with 104 PFU of WT SARS-CoV-2 and the KR mt at a 1:1 ratio. On day 1 of the experiment, donor

and recipient hamsters were co-housed for 8 hours, then separated, and the donor hamsters underwent nasal washing. On day 2, recipient

hamsters were nasal washed. Hamsters were then monitored and nasal washes and lung tissue harvested on days 4 (donors) and 5 (recipients).

The ratio of WT (gray) to KR mt (red) was then determined by NGS of all donor (B) and recipient (C) samples. Individual replicates are

graphed as points, while bars represent the mean. Schematic in (A) generated using Biorender.com.

https://doi.org/10.1371/journal.ppat.1010627.g004
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The KR mt does not alter phosphorylation of virion-associated N

While CoV N proteins are hyperphosphorylated intracellularly, they are believed to lack phos-

phorylation within the mature virion [30,31]. Nevertheless, given the ability of the KR mt to

augment phosphorylation, we were curious if it influenced virion-associated SARS-CoV-2 N.

To examine this, Calu-3 2b4 cells were infected with WT SARS-CoV-2 or the KR mt. 48 hpi,

Viral supernatants were taken, clarified, and virions pelleted on a 20% sucrose cushion by

ultracentrifugation. Protein recovered from the pellets was then analyzed by PA SDS-PAGE

followed by western blotting with an N-specific antibody. Curiously, for both WT and the KR

mt, a light upper and dark lower band were detected, indicating some level of N

Fig 5. The KR mt increases levels of viral RNA and antigen. (A) Full-length and sub-genomic transcript levels 24 hours post infection

from Calu-3 2b4 cells infected at an MOI of 0.01 with WT SARS-CoV-2 or the KR mt (n = 3). Transcript levels were normalized to 18S

ribosomal RNA and graphed as the fold change in the KR mt relative to WT (B-C) Three- to four-week old male hamsters were

inoculated with PBS (mock) or 104 PFU of WT or the KR mt. On days 2 and 4 post infection, lung tissue was harvested. The levels of

full-length SARS-CoV-2 RNA in WT and KR mt infected animals (n = 5) (B). Representative SARS-CoV-2 antigen staining (anti-

Nucleocapsid) of lung tissue from mock, WT, or KR mt infected animals (n = 5) (C). For in vitro transcripts, bars are mean titer ± s.d.

For in vivo RNA, individual replicates are graphed with means ± s.d. indicated by lines. Significance was determined by student’s T-Test

with p�0.05 (�) and p�0.01 (��).

https://doi.org/10.1371/journal.ppat.1010627.g005
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phosphorylation is present in the SARS-CoV-2 virion, albeit at a lower level than intracellular

N (S5 Fig). However, the KR mt had no effect on the banding pattern, indicating the KR mt

does not affect phosphorylation of mature virions.

The KR mt is more resistant to GSK-3 inhibition

Our results indicate that changes in N phosphorylation correlate with differences in virus rep-

lication; thus, we sought to modulate N phosphorylation using kinase inhibitors. Prior work

has identified two consensus sites for GSK-3 phosphorylation within the SR domain and inhi-

bition of GSK-3 has been shown to reduce SARS-CoV-2 replication (Fig 6D) [28]. Impor-

tantly, the KR mt is proximal to the priming residue of the C-terminus GSK-3 consensus site,

suggesting it may impact GSK-3 mediated N phosphorylation. Therefore, we examined the

impact of GSK-3 inhibition on both WT and the KR mt. Using kenpaullone, a GSK-3 inhibi-

tor, we showed a dose dependent inhibitory effect on both WT and KR mt titer at 48 hpi (Fig

6E). Importantly, GSK-3 inhibition had a greater impact on WT, significantly increasing the

mean titer difference between WT and the KR mt from ~4-fold (0.6 log-titer) to ~38-fold (1.6

log-titer) at 10 μM kenpaullone. This suggests that the KR mt is more resistant to GSK-3 inhi-

bition, and that the change at position 203–204 increases affinity of the KR mt for GSK-3.

Fig 6. The KR mt increases N phosphorylation to enhance infection. (A) Schematic of phosphate-affinity (PA) SDS-PAGE. (B) Whole cell

lysates from Calu-3 2b4 cells infected with SARS-CoV-2 WA-1-mNG (WT), the KR mt, WA-1, alpha, beta, and kappa variants were analyzed by

PA SDS-Page (top) or standard SDS-PAGE (bottom) followed by blotting with an N-specific antibody (n = 3). (C) Whole cell lysates from Vero

E6 cells infected with WT or the KR mt and analyzed by PA-SDS-Page (top) or standard SDS-Page (bottom) followed by blotting with an N-

specific antibody (n = 3). (D) Schematic of phosphorylation by GSK-3 of the SR domain of SARS-CoV-2 N. Residues targeted by GSK-3 are

indicated with arrows and priming residues designated by a ‘�’. (E) Viral titer 48 hours post infection from Calu-3 2b4 cells infected with WT

SARS-CoV-2 (gray) or the KR mt (red) at an MOI of 0.01. Cells were treated with the indicated concentrations of kenpaullone 1 hour prior to

and during infection. Brackets and numbers indicate the mean log-titer difference between WT and the KR mt. Bars are the mean titer ± s.d.

(n = 4). Significance indicates a change in mean titer difference compared to untreated cells and was determined by student’s T-Test with

p�0.05 (�) and p�0.01 (��). Schematic in (A) and (D) generated using Biorender.com.

https://doi.org/10.1371/journal.ppat.1010627.g006
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An alanine double substitution mimics the KR mt

Given that variant mutations at residues 203–205 are diverse in sequence, and the KR and

R203M mutants phenocopy each other, we assessed the importance of the specific R!K and

G!R mutations to the KR mt’s enhancement of infection. To do so, we made a R203A

+G204A double alanine substitution mutant (AA mt) in the WA-1 mNG background (S6

Fig). After recovery of recombinant SARS-CoV-2, we assessed replication in Vero E6 and

Calu-3 2b4 cells. In contrast with the KR mt, the AA mt had no significant effect on titers in

Vero E6 cells (Fig 7A). Nevertheless, the AA mt increased viral titers over WT in Calu-3 2b4

cells throughout infection, mimicking the augmented replication of the KR mt (Fig 7B). We

next tested the fitness of the AA mt by direct competition with WT SARS-CoV-2. Vero E6 and

Calu-3 2b4 cells were infected with WT and the AA mt at a 1:1 ratio, whole cell RNA harvested

24 hpi, and the ratio of WT to AA mt determined by NGS. In Vero E6 cells, the AA mt had a

small but consistent fitness advantage over WT (Fig 7C). In contrast, the AA mt outcompeted

WT with a ~5:1 ratio during infection of Calu-3 2b4 cells (Fig 7C). Overall, the similarities in

replication and fitness between the KR, R203M, and AA mts in Calu-3 2b4 cells suggest that

the KR mt enhances infection primarily by ablating the ancestral ‘RG’ motif.

Fig 7. The AA mt mimics the KR mt’s enhancement of SARS-CoV-2 infection. (A-B). Viral titer from Vero E6 (A) or Calu-3 2b4 (B) cells

infected at an MOI of 0.01 with WT (black) or the AA mt (green) (n = 9). (C) Competition assay between WT (gray) and the AA mt (green) in

Vero E6 and Calu-3 2b4 cells at a 1:1 input ratio and an MOI of 0.01 (n = 6). (D) Full-length and subgenomic transcript levels 24 hours post

infection from Calu-3 2b4 cells infected with WT or the AA mt. Transcripts were normalized to 18S ribosomal RNA and graphed as fold

change in the AA mt relative to WT (n = 3). (E) Whole cell lysates from Calu-3 2b4 cells infected with WT or the AA mt and analyzed by PA

SDS-Page (top) and standard SDS-Page (bottom) followed by blotting with an N-specific antibody (n = 3). (F) Viral titer 48 hours post

infection from Calu-3 2b4 cells infected with WT (gray) or the AA mt (green) at an MOI of 0.01. Cells were treated with the indicated

concentrations of kenpaullone prior to and during infection (n = 4). Brackets and numbers indicate the mean log-titer difference between WT

and the KR mt. Bars represent mean titer ± s.d. Significance was determined by two-tailed student’s t-test with p�0.01 (��) and p� 0.001 (���).

Grey dotted lines are equal to LOD.

https://doi.org/10.1371/journal.ppat.1010627.g007
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Given that the AA mt mimicked the KR mt’s enhancement of in vitro infection, we next

determined if they employed the same mechanism. Using RT-qPCR, we examined viral RNA

expression in the AA mt (Fig 7D). Consistent with the KR mt, at 24 hpi the AA mt increased

viral transcript levels compared to WT in Calu-3 2b4 cells, although the magnitude of change

in the AA mt was less than the KR mt (16 fold vs 32 fold). We next examined changes in N

phosphorylation. Calu-3 2b4 cells were infected at a MOI of 0.01 with WT SARS-CoV-2 or the

AA mt and whole cell lysates were harvested 48 hpi. Lysates then underwent PA SDS-PAGE,

followed by Western blotting for nucleocapsid. Interestingly, the AA mt exhibited several dark

bands with laddered mobility absent in WT, suggesting augmented phosphorylation similar to

the KR mt. However, contrasting with the KR mt, in the AA mt the electrophoretic mobility of

the lowest band was similar to WT (Fig 7E). These data suggest that while the KR and AA mts

both alter nucleocapsid phosphorylation, their effects are not identical. Nevertheless, the

changes in phosphorylation induced by the KR and AA mt are both sufficient to enhance

SARS-CoV-2 replication. Finally, we examined GSK-3 inhibition comparing WT and AA mt

(Fig 7F). Similar to the KR mt, the AA mt was less sensitive to GSK-3 inhibition than WT, sug-

gesting that disrupting the original RG motif resulted in increased affinity for the kinase. Over-

all, these data demonstrate that mutations at positions 203–204 disrupt an ancestral motif that

interferes with GSK-3 kinase activity.

Discussion

In this manuscript, we investigate a highly variable motif in SARS-CoV-2 nucleocapsid by

characterizing the effects of the R203K+G204R double substitution mutation (KR mt), present

in the alpha and omicron variants. Inserting the KR mt in the WA-1 background demon-

strated that the KR mt alone is sufficient to increase titer and fitness in respiratory cells. Insert-

ing the R203M mutation from the delta variant in WA-1 similarly enhanced virus replication.

The KR mt is also sufficient to increase disease in infected hamsters and enhance fitness in the

lung during direct competition studies. Importantly, we demonstrate that the KR mt aug-

mented nucleocapsid phosphorylation, which correlates with increased virus replication. We

also demonstrate that the KR mt is resistant to inhibition of the GSK-3 kinase, mechanistically

linking N phosphorylation with phenotypic changes. SARS-CoV-2 variants harboring analo-

gous mutations in the 203–204 motif also exhibit augmented nucleocapsid phosphorylation,

suggesting that increasing N phosphorylation is a common mechanism driving variant emer-

gence. Notably, an analogous double alanine substitution (AA mt) also showed increased repli-

cation, fitness, altered nucleocapsid phosphorylation, and similar resistance to kinase

inhibition. Together, these data suggest that the KR mt and similar mutations enhance SARS-

CoV-2 infection by increasing N phosphorylation through disruption of the ancestral “RG”

motif.

The KR mt occurs within the serine-rich (SR) domain of nucleocapsid, which has a com-

plex role during SARS-CoV-2 infection. This region of N is hyper-phosphorylated intracellu-

larly, but hypo-phosphorylated within the mature virion [30,31]. Several studies suggest that

phosphorylation of the SR domain acts as a biophysical switch, regulating nucleocapsid func-

tion through phase separation [27,32,33]. In the proposed model, unphosphorylated nucleo-

capsid forms gel-like condensates with viral RNA and the SARS-CoV-2 membrane (M)

protein to facilitate genome packaging and virus assembly. In contrast, phosphorylated nucleo-

capsid forms distinct liquid-like condensates to promote N binding to SARS-CoV-2 nsp3 [27],

G3BP1 in stress granules [32], and (presumably) other nucleocapsid functions [34]. While not

tested in the context of infection, this model is consistent with studies demonstrating interac-

tions between N and M [35,36], G3BP1 and G3BP2 within stress granules [37–39], and
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phosphorylated N and nsp3 to promote the synthesis of viral RNA [18–22,30,40]. Within this

context, the KR mt may optimize this biomolecular switch for human infection, increasing the

amount of phosphorylated nucleocapsid and shifting the overall function of N during infec-

tion. Alternatively, the KR mt may impact the interaction between nucleocapsid and host 14-

3-3 proteins which bind the SR domain in a phosphorylation dependent manner [41]. This

interaction is required for cytoplasmic localization of nucleocapsid in SARS-CoV [42]. Nota-

bly, one 14-3-3 binding site encompasses the 203–204 motif examined in this study [41], sug-

gesting that the KR mt may enhance infection by altering this interaction.

Our finding that the R203M, R203K+G204R, and R203A+G204A mutations phenocopy

one another suggests they enhance infection by disrupting the ancestral N sequence in the WT

WA-1 strain. We propose a model where mutations at residues 203–204 are selected for

because they eliminate the ancestral ‘RG’ sequence, which disrupts phosphorylation of the SR

domain in WT SARS-CoV-2. Consistent with this model, the wild type RG sequence is present

<1% of extant SARS-CoV-2 (Fig 1A), while the RG sequence is conserved in SARS2-like Bat-

CoV RaTG13 and Pangolin-CoV MP789 (S7 Fig). Further supporting this model, nucleocap-

sid phosphorylation of the alpha, and kappa variants (containing the KR and R203M muta-

tions, respectively) are all enhanced relative to WA-1 (Fig 6B). Notably, the SARS-CoV-2 beta

variant, SARS-CoV, and SARS-like Bat-CoV WIV1 contain an asparagine rather than a threo-

nine at position 205, suggesting additional mutations in this region may impact phosphoryla-

tion of the SR domain; this idea is supported by increased N phosphorylation observed in the

beta variant relative to WT. Overall, this high degree of variation suggests that this motif is

under selection among these closely related viruses. Further studies are needed to determine

how mutations in the 203–205 motif modulate infection and nucleocapsid phosphorylation in

bat and other hosts, which may provide insight into the adaptation necessary for human

infection.

It is unclear why the KR mt enhances infection in Calu-3 2b4, but not Vero E6 cells. Our

results show that while the KR mt enhances nucleocapsid phosphorylation in Calu-3 2b4 cells,

it decreases phosphorylation in Vero E6 cells (Fig 6B and 6C). These results suggest that cell

lines may use kinases differentially, changing the dynamics of nucleocapsid phosphorylation

[5,22–28]. The divergent phenotypes may reflect species or tissue specific differences between

Calu-3 2b4 (human, lung) and Vero E6 (African green monkey, kidney) cells. Notably, diver-

gent between Vero E6 and Calu3 2b4 have previously been reported [43,44]. Importantly, phe-

notypes from Calu-3 2b4 cells have consistently matched the in vivo hamster model [43,44].

The results confirm the utility of Calu-3 2b4 cells and suggests limitations to studies using

Vero E6 cells for understanding SARS-CoV-2 infection.

A second unanswered question is why the KR mt results in increased fitness, RNA levels,

lesion size, and disease in infected hamsters without increasing lung titer. Several possibilities

exist. First, recent work suggests that SARS-CoV-2 is capable of direct cell-to-cell transmission

in addition to ACE2-mediated extracellular entry [45]. It is possible that the increase in viral

found in the KR mt augments cell-to-cell transmission, enhancing infection without increasing

detectable viral titer. Alternatively, the KR mt may allow the infection of additional cell types

that are less permissive for infection, resulting in increased RNA levels and antigen staining

without increasing titer. Finally, the KR mt may provide an early kinetic advantage to SARS-

CoV-2. In this scenario, the KR mt enhances replication early in infection, but this advantage

dissipates by the time of our measurement of lung titer on day 2. This hypothesis is consistent

with our Calu-3 2b4 data showing greater titer differences between the KR mt and WT at 24

hpi compared to 48 hpi (Fig 1G). Additional studies are required to distinguish between these

possibilities.
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Overall, in this study we establish that the KR mt enhances SARS-CoV-2 infection relative

to WT, increasing viral fitness in vitro and in vivo, which along with the N501Y mutation [46],

likely selected for the emergence of the alpha variant. We also find that the KR mt increases

nucleocapsid phosphorylation; coupled with increased resistance to GSK-3 inhibition, these

results provide a molecular basis for the KR mt’s effects. Importantly, we show that other vari-

ant mutations in this motif also increase nucleocapsid phosphorylation, which may have aided

in the emergence of their respective lineages. When taken with the prevalence of mutations in

residues 203–205 of the SR domain among circulating variants, these data suggest that muta-

tions increasing nucleocapsid phosphorylation represent a positive selection event for SARS-

CoV-2 during adaptation to human infection. Importantly, our work highlights that mutations

outside of SARS-CoV-2 spike have significant effects on infection, and must not be overlooked

while characterizing mechanisms of variant emergence.

Materials and methods

Ethics statement

Research conducted in this manuscript was reviewed and approved by the Institutional Bio-

safety Committee at the University of Texas Medical Branch (UTMB) under permit #2020014.

Hamster studies were performed in accordance with the guidance for the Care and Use of Lab-

oratory Animals at UTMB. Protocol #2009087 was approved by the Institutional Animal Care

and Use Committee at UTMB. All the hamster operations were performed under anaesthesia

by isoflurane to minimize animal suffering.

Construction of recombinant SARS-CoV-2

The sequence of recombinant wild-type (WT) SARS-CoV-2 is based on the USA-WA1/2020

strain provided by the World Reference Center for Emerging Viruses and Arboviruses

(WRCEVA) and originally isolated by the USA Centers for Disease Control and Prevention

[10]. Recombinant WT SARS-CoV-2 and mutant viruses were created using a cDNA clone

and standard cloning techniques as described previously [8,9]. The recombinant SARS-CoV-2

alpha variant (B.1.1.7) was created by introducing twenty-three individual mutations to the

WT SARS-CoV-2 infectious clone [12]. Construction of WT SARS-CoV-2 and mutant viruses

were approved by the University of Texas Medical Branch Biosafety Committee.

Cell culture

Vero E6 cells were grown in DMEM (Gibco #11965–092) supplemented with 10% fetal bovine

serum (FBS) and 1% antibiotic/antimitotic (Gibco #5240062). Calu-3 2b4 cells were grown in

DMEM supplemented with 10% FBS, 1% antibiotic/antimitotic, and 1 mg/ml sodium

pyruvate.

In vitro SARS-CoV-2 infection

Vero E6 and Calu3 2b4 cells were infected with SARS-CoV-2 according to standard protocols

described previously [9,47]. Briefly, growth medium was removed, and cells were subsequently

infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.01 diluted in 100 μl of PBS.

Cells were then incubated for 45 minutes at 37˚C and 5% CO2. After incubation, the inoculum

was removed, cells washed three times with PBS, and fresh growth medium returned. For

inhibitor experiments, Calu-3 cells were pretreated with 1–100 μM kenpaullone (Sigma-

Aldrich #422000) in growth media for 1 hour at 37˚C. Cells were then infected with
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SARS-CoV-2 at an MOI of 0.01 for 45 min at 37˚C and 5% CO2. Inoculum was then removed,

cells were then washed three times with PBS, and fresh growth media with kenpaullone added.

Focus forming assays

For viral titrations, a focus-forming assay (FFA) was developed by adapting a protocol for a

SARS-CoV-2 focus reduction neutralization test (FRNT) published elsewhere [48]. Briefly, cul-

ture supernatants, nasal washes, or homogenized tissue containing SARS-CoV-2 underwent

five 10-fold serial dilutions. 20 μl of the raw sample or each dilution was then used to infect

individual wells of 96-well plates containing Vero E6 cells and incubated for 45 minutes at

37˚C and 5% CO2. After incubation, the inoculum was removed and 100 μl of 0.85% methyl-

cellulose (Sigma# M0512) overlay added to each well and cells incubated for 24 hours at 37˚C

and 5% CO2. After incubation, the overlay was removed, cells washed three times with PBS,

and cells fixed with 10% formalin for 30 minutes to inactivate SARS-CoV-2. Cells were then

permeabilized by incubating in 0.1% saponin/0.1% bovine serum albumin in PBS for 30 min-

utes followed by treatment with a nucleocapsid specific antibody (provided by S. Makino).

After overnight incubation at 4˚C, cells were washed three times with PBS and incubated with

a horseradish peroxidase (HRP)-conjugated anti-rabbit secondary antibody (Cell Signaling

#7074) for 1 hour at room temperature. The secondary antibody was then removed by washing

three times with PBS and foci developed by the application of TruBlue HRP Substrate (Sera-

care Life Sciences #55100030). Images were then taken with a Cytation 7 cell imaging multi-

mode reader (BioTek) and foci counted manually. Prior to inactivation with 10% formalin, all

procedures involving the use of infectious SARS-CoV-2 were performed in Biosafety Level 3

(BSL3) or Animal Biosafety Level 3 (ABSL3) facilities at the University of Texas Medical

Branch (Galveston, TX).

In vitro competition assays

Vero E6 or Calu-3 2b4 cells were infected from the same inoculum at a 1:1 ratio of WT to

mutant SARS-CoV-2, as determined by stock titers. Twenty-four hours post infection, whole

cell RNA was harvested by the addition of Triazol reagent (Invitrogen #15596026) and RNA

extracted with the RNA Miniprep Plus kit (Zymo Research #R2072) per the manufacturer’s

instructions.

Library preparation, sequencing, and analysis

Extracted RNA samples were prepared for Tiled-ClickSeq libraries [14], with a pool of 396

unique primers. A modified pre-RT annealing protocol was applied in this study. Briefly, a

mixture of template RNA, AzDNT/dNTP, and primer pools were heated at 95˚C for 2 min;

ramped down to 65˚C at 1˚C/s; incubated at 65˚C for 30s; ramped down to 50˚C at 0.1˚C/s;

the rest of RT components were added to libraries while samples were held at 50˚C. All subse-

quent steps followed the previously described method [14], and the final libraries comprising

300–700 bps fragments were pooled and sequenced on a Illumina NextSeq platform with

paired-end sequencing.

The raw Illumina data of the Tiled-ClickSeq libraries were processed with previously estab-

lished bioinformatics pipelines [14]. One modification is the introduction of ten wild cards

(“N”) covering the KR and AA mutations in the reference genome to allow bowtie2 [49] to

align reads to wild type or variant genomes without bias. PCR duplications were removed

using UMI-tools [50], and the number of unique reads representing wild type, KR and AA var-

iants were counted thereafter. All raw sequencing data are available in the NCBI Small Read

Archive with BioProject ID: PRJNA773399.
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Analysis of publicly available genomic data

SARS-CoV-2 sequences were accessed from the GISAID database on February 14, 2022 [6].

Sequences were binned by the month during which the sample was collected. The number of

R203M, R203K+G204R, T205I, and all other non-wild type options at positions 203–205 were

recorded and subtracted from the total number of sequences, with the balance assumed wild

type at positions 203–205. Data was then graphed as a percent of total sequences collected in

that month.

Hamster infection studies

For all experiments, golden Syrian hamsters (male, three- to four-week old) were purchased

from Envigo. All studies were carried out in accordance with a protocol approved by the Uni-

versity of Texas Medical Branch Institutional Animal Care and Use Committee and complied

with United StatesDepartment of Agriculture guidelines in a laboratory accredited by the

Association for Assessment and Accreditation of Laboratory Animal Care. Procedures involv-

ing infectious SARS-CoV-2 were performed in the Galveston National Laboratory ABSL3

facility.

For pathogenesis studies, animals were housed in groups of five and intranasally inoculated

with 104 PFU of WT or KR mt SARS-CoV-2. For competition/transmission studies, animals

were intranasally inoculated with 104 PFU of SARS-CoV-2 comprising both WT and the KR

mt at a 1:1 ratio based on stock titer. During competition/transmission studies, animals were

singly housed throughout the experiment, except during the 8-hour transmission period,

when they were housed in groups of two (1 donor and 1 recipient). For all experiments, ani-

mals were monitored daily for weight loss and development of clinical disease until the termi-

nation of the experiment. Inoculations and other animal manipulations (except weighing)

were carried out under anesthesia with isoflurane (Henry Schein Animal Health).

SDS-PAGE and western blotting

Vero E6 or Calu-3 2b4 cells were infected with SARS-CoV-2 at an MOI of 0.01 and incubated

for 24 or 48 hours, respectively. Virus was then inactivated and whole cell lysates taken by the

addition of 2× Laemmli buffer (Bio-Rad #161073) + 2-mercaptoethanol (Bio-Rad #1610710)

directly to the cell monolayer followed by incubation at 95˚C for 15 minutes. For standard

SDS-PAGE, 4–20% Mini-PROTEAN TGX Gels (Bio-Rad #4561093) were used for electropho-

resis. For phosphate-affinity SDS-PAGE, 7.5% SuperSep Phos-Tag gels (Wako Chemical

#198–17981) were used for electrophoresis. For all gels, protein was transferred to polyvinyli-

dene difluoride (PVDF) membranes and blotted with a SARS-CoV nucleocapsid specific anti-

body (Novus Biologicals #NB100-56576) followed by horseradish peroxidase (HRP)-

conjugated anti-rabbit secondary antibody (Cell Signaling Technology #7074). Images were

developed by treating blots for 5 minutes with Clarity Western ECL substrate (Bio-Rad

#1705060) followed by imaging on a ChemiDoc MP System (Bio-Rad #12003154). Images

were processed with ImageLab 6.0.1 (Bio-Rad #2012931).

Virion purification

Calu-3 2b4 cells were infected with WT or the KR mt at an MOI of 0.01. Forty-eight hours

post infection; the supernatants were collected and clarified by centrifugation at 1200 rpm.

SARS-CoV-2 virions were then pelleted by ultracentrifugation through a 20% sucrose cushion

at 26,000 rpm for 3 hours using a Beckman SW32 Ti rotor. Virion pellets were then inactivated
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in 2X Laemmli buffer (Bio-Rad #161073). N phosphorylation was then analyzed as described

in ‘SDS-PAGE and western blotting.’

Histology

Left lungs (Days 2 and 4) or both lungs (Day 10) were harvested from hamsters and fixed in

10% buffered formalin solution for at least 7 days. After buffer exchange, fixed tissue was then

embedded in paraffin, cut into 5 μM sections, and stained with hematoxylin and eosin (H&E)

on a SAKURA VIP6 processor by the University of Texas Medical Branch Histology Labora-

tory. Briefly, fixed tissues were submerged twice in 10% formalin baths, followed by repeated

submersion in a series of alcohol baths ranging from 65–100% alcohol. Tissues were then sub-

merged in xylene three times before embedding in paraffin at 60˚C. Sections were then cut

and mounted on slides, deparaffinized by repeated washing with xylene and alcohol, and then

stained with hematoxylin and counterstained with eosin. Alternatively, after mounting slides

were deparaffinized and antigen stained in house with a SARS-CoV-2 N specific antibody

(Sino Biologicals #40143-R001) at a dilution of 1:30,000 followed by goat anti-rabbit secondary

(Vector Labs #BA1000). Signal was developed with ImmPact NovaRED HRP substrate (Vector

Labs # SK-4805).

Real-time quantitative PCR

For determination of transcript levels in in vitro samples, cells were infected as described in ‘In

vitro SARS-CoV-2 infection.’ 24 hours post infection, supernatants were discarded and whole

cell RNA collected by the addition of Triazol reagent (Invitrogen #15596026). For in vivo sam-

ples, hamsters were infected as described in ‘hamster infection studies’ and lung lobes placed

in RNAlater (Sigma-Aldrich #R0901) and stored at -80˚C. Lung lobes were then placed in 1

milliliter Triazol and homogenized with zirconia beads with a MagNA Lyser instrument

(Roche Life Science).

RNA from all sources was extracted from Triazol using the Direct-zol RNA Miniprep Plus

kit (Zymo Research #R2072) by the manufacturer’s instructions. cDNA was then generated

from each RNA sample with the iScript cDNA Synthesis kit (Bio-Rad #1708891). RT-qPCR

was performed with Luna Universal qPCR Master Mix (New England Biolabs #M3003) per

the manufactures instructions on a CFX Connect instrument (Bio-Rad #1855200). All experi-

ments used an annealing temperature of 51˚C. For the analysis of in vitro samples, the relative

full-length and subgenomic transcript levels between mutants and WT were determined by

the delta-delta CT method, with 18S ribosomal RNA serving as an internal control. For in vivo
samples, the levels of full-length SARS-CoV-2 genomes were quantitated with an 8-point stan-

dard curve (1×101 to 1×108 copies per μl).

A common forward primer binding upstream of the transcription regulatory sequence

(TRS) leader region was used for all transcripts (ACCAACCAACTTTCGATCTCT). For

determination of full-length SARS-CoV-2 genomes, a reverse primer targeting downstream of

the TRS leader region was used (CTCGTGTCCTGTCAACGACA). For each sub-genomic

(sg) transcript, reverse primers downstream of each TRS body sequence were used: sg2

(TGCAGGGGGTAATTGAGTTCT), sg3 (GCGCGAACAAAATCTGAAGGA), sg4

(AGCAAGAATACCACGAAAGCA), sg5 (ACCGTTGGAATCTGCCATGG), sg6

(GCCAATCCTGTAGCGACTGT), sg7 [mNeonGreen] (TGCCCTCGTATGTTCCAGAAG),

sg8 (ACATTCTTGGTGAAATGCAGCT), and sg9 (CCCACTGCGTTCTCCATTCT). The

18S targeting primers used were forward (CCGGTACAGTGAAACTGCGAATG) and reverse

(GTTATCCAAGTAGGAGAGGAGCGAG).
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Supporting information

S1 Fig. Replication of SARS-CoV-2 variants. Viral titer from Vero E6 (A) or Calu-3 2b4 cells

(B) inoculated with SARS-CoV-2 WA-1 (black) or the alpha (red), beta (blue) or kappa

(green) variants at a MOI of 0.01. Graphed data represent the mean ± s.d. Statistical signifi-

cance was determined by two-tailed student’s T-test with p�0.05 (�), p�0.01 (��), and p�

0.001 (���). Grey dotted lines are equal to LOD.

(TIFF)

S2 Fig. In vivo attenuation of the SARS-CoV-2 mNeonGreen reporter virus. Three- to four-

week-old Golden Syrian hamsters were intranasally inoculated with PBS alone (gray) or 104

PFU of WA-1 SARS-CoV-2 (blue) or mNG SARS-CoV-2 (black). Graphed data represent the

mean weight loss ± s.e.m (n�5). Statistical significance between WT and mNG determined by

two-tailed students T-test with p�0.05 (�) and p�0.01 (��).

(TIFF)

S3 Fig. The R203M mutation enhances SARS-CoV-2 replication. (A) Schematic of the

SARS-CoV-2 genome, showing the creation of the R203M mutation and the replacement of

ORF7 with the mNG reporter protein. (B-C) Viral titers from Vero E6 (B) or Calu-3 2b4 (C)

infected with WT or R203M SARS-CoV-2 at an MOI of 0.01. Graphed data represent

mean ± s.d. (n = 3). Statistical significance was determined by two-tailed student’s T-test with

p�0.05 (�) and p� 0.001 (���). Grey dotted lines are equal to LOD.

(TIFF)

S4 Fig. Schematic of SARS-CoV-2 RNAs. Illustration of full length (FL) and subgenomic (sg)

RNAs produced during SARS-CoV-2 infection.

(TIFF)

S5 Fig. The KR mt has no effect on phosphorylation in virions. Calu-3 2b4 cells were

infected at an MOI of 0.01 with WT or KR mt SARS-CoV-2. Forty-eight hours post infection,

viral supernatants were taken. Virions were then purified from supernatants by ultracentrifu-

gation on a 20% sucrose cushion, inactivated, and N levels analyzed by both phospho-affinity

and standard SDS-Page. Results are representative of two independent experiments.

(TIFF)

S6 Fig. Schematic representation of the AA mt. Schematic shows the creation of the AA

mutation within the SARS-CoV-2 genome and the replacement of ORF7 with the mNeon-

Green reporter.

(TIFF)

S7 Fig. Alignment of SR domain among SARS and SARS-like coronaviruses. Amino acid

sequence alignment of SARS-CoV-2 residues 180–215. Genbank accession numbers for each

virus are SARS-CoV-2 USA-WA1/2020 (MN985325.1), Bat-CoV RaTG13 (MN996532.2),

Pangolin-CoV MP789 (MT121216.1), SARS-CoV Urbani (AY278741.1), and Bat-CoV WIV1

(KF367457.1).

(TIFF)

S1 Table. Frequency of mutations in residues 203–205 in SARS-CoV-2 nucleocapsid. (A-B)

Frequency of WT, R203M, R203K+G204R, T205I, or all other genotypes binned by month of

collection, represented as the raw totals (A) or as a percentage of total sequences in a given

month (B).

(TIFF)
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