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Abstract: While SARS-CoV-2 continues to adapt for human infection and transmission, genetic
variation outside of the spike gene remains largely unexplored. This study investigates a highly
variable region at residues 203-205 in SARS-CoV-2 nucleocapsid protein. Recreating the alpha
variant mutation in an early pandemic (WA-1) background, we found that the R203K/G204R
mutation is sufficient to enhance replication, fitness, and pathogenesis of SARS-CoV-2.
Importantly, the R203K/G204R mutation increases nucleocapsid phosphorylation, providing a
molecular basis for these phenotypes. Notably, an analogous alanine substitution mutant also
increases SARS-CoV-2 fitness and phosphorylation, suggesting that infection is enhanced through
ablation of the ancestral ‘RG’ motif. Overall, these results demonstrate that variant mutations

outside spike are also key components in SARS-CoV-2’s continued adaptation to human infection.

One-Sentence Summary: A mutation in the nucleocapsid gene of the SARS-CoV-2 alpha variant

is found to enhance replication, fitness, and pathogenesis.
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Main Text:

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS)-CoV-2 is the most
significant infectious disease event of the 21st century (/, 2). Since its initial expansion, SARS-
CoV-2 has continued to adapt for human infection and transmission, resulting in several variants
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)
gen is one hotspot for coding mutations, particularly at amino acid residues 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 and gamma 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 the 203-205 amino acid region suggests positive

selection in this motif of N.

Utilizing our reverse genetic system (8, 9), we generated 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 tract infection models and exhibited enhanced fitness in direct
competition studies with wild-type (WT) SARS-CoV-2. In the hamster model, the KR mutant (mt)
enhanced pathogenesis and outcompeted the WT in direct competition. We subsequently found
that the KR mt increased nucleocapsid phosphorylation relative to WT SARS-CoV-2; similar
increases in N phosphorylation were also observed in the alpha and kappa variants. Finally, an

analogous alanine double substitution mutant (AA mt) also increased fitness and augmented
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phosphorylation relative to WT SARS-CoV-2. Together, these results suggest that disruption of
the ancestral “RGT” motif in nucleocapsid augments infection, fitness, and pathogenesis of SARS-

CoV-2.
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Results:

Genetic Analysis of a highly variable motif of SARS-CoV-2 Nucleocapsid

Using SARS-CoV-2 genomic data from the GISIAD 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 lambda variants
(Fig. 1d). Historically, the KR mt has been the most abundant mutation in this region, emerging
early in the pandemic and peaking at 73% of reported sequences in April of 2021 (Fig. 1a, table
S1). 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, table S1). The third prominent variant mutation is R203M, currently
present in the delta and kappa variants (Fig. 1d). Interestingly, while the R203M mutation was
first detected in March of 2020, it persisted as a rare (<1%) variant until April of 2021 when it
began expanding rapidly, reaching 91% of all reported sequences in July 2021 (Fig. 1a, table S1).
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, /1). 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
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alpha and beta variants replicated to equivalent endpoint titers compared to WA-1, both variants
had slightly lower titer at 24 hpi (Fig. 1b, fig. S1a). In contrast, the kappa variant replicated to
~15-fold lower titer than WA-1 throughout infection (fig. S1a), potentially due to processing
mutations in SARS-CoV-2 spike shared with the delta variant (/2). Interestingly, in Calu-3 2b4
cells, the alpha variant replicated to a 5.6 fold higher endpoint 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 (fig. S1b). Together, these
data suggest that SARS-CoV-2 variants harboring N mutations may correspond to altered

replication kinetics.

The KR mt alone is sufficient to increase viral replication

Because the alpha variant exhibited enhanced replication in Calu-3 2b4 cells, we selected the KR
mt for further examination. To study its effects of the KR mt in isolation, we utilized 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 (fig.
S2). 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.
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We next examined replication of the KR mutant on air-liquid interface (ALI) cultures.
Grown on raised membranes with their apical surfaces exposed to air, ALI cultures trigger
differentiation of cells into a pseudostratified epithelium, inducing cell polarization, mucus
production, and tight junction formation, which are key features of the airway epithelium absent
in traditional monolayer cultures (/3). To confirm the effects of the KR mt in physiologically
relevant systems, ALI cultures of both Calu-3 2b4 and primary Human Airway Epithelia (HAE)
cells were infected with WT SARS-CoV-2 or the KR mt and replication kinetics evaluated. For
Calu-3 2b4 ALIs, the KR mt grew to a higher mean titer at 24 hpi, but had a lower endpoint titer
than WT SARS-CoV-2 (fig. S3a). Coupled with the Calu3 2B4 monoculture data, these results

suggest that the KR mt enhances SARS-CoV-2 replication in human respiratory cells.
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
offers increased sensitivity compared to individual culture experiments (/4). 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 of WT to KR
mt genomes determined by next generation sequencing (NGS) (/5). 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 (/6). Three- to four-week-old male hamsters underwent intranasal

inoculation with either PBS (mock) or 10* plaque forming units (PFU) of WT SARS-CoV-2 or the
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KR mt and weight loss was monitored for 10 days post infection (dpi, Fig. 2a). On days 2 and 4
dpi, 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 analysis. On
day 10, surviving animals were euthanized and lung tissue harvested for histopathological 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. 2¢-d). Furthermore, the KR mt caused a small, but significant, decrease in titer in
nasal washes at day 2, but not day 4 (Fig. 2e). Contrasting the titer data, histopathologic analysis
of lungs revealed that the KR mt had more severe lesions compared to WT SARS-CoV-2 (fig. S5).
Compared to mock (fig. S5a), both WT and the KR mt had bronchiolitis and interstitial pneumonia;
however, larger more diffuse pulmonary lesions were observed in the KR mt at day 4 (fig. SSb-c¢).
In addition, the KR mt had cytopathic alveolar pneumocytes as well as alveoli containing both
mononuclear cells and red blood cells (fig. S5¢). By day 10, both WT and the KR mutants showed
signs of recovery, but maintained interstitial pneumonia adjacent to the bronchi absent in mock
infected animals (fig. S5d-f). Notably, the KR mutant 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 10*
PFU of WT SARS-CoV-2 and the KR mt at a ratio of 1:1 (Fig. 2f). On day 1 of infection, each
donor hamster was co-housed with a recipient for 8 hours to allow transmission. Hamsters were

then separated and SARS-CoV-2 present in the nasal cavities of the donors sampled by nasal wash.
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On day 2, each recipient hamster underwent nasal washing to sample transmitted 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 (/5).
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. 2g-h). However, at day 4 and 5 in the donor and recipient, respectively, the KR
mt was slightly more predominant in the nasal wash (Fig. 2g-h). Notably, the KR mt dominated
the SARS-CoV-2 population found in lungs of both donor and recipient animals on days 4 and 5.

Together, the results suggest that the KR mt outcompetes WT in vivo independent of transmission.
The KR mt results in increased phosphorylation of SARS-CoV-2 N

The KR mt is located at the C-terminus of the SR domain of SARS-CoV-2 N, a
hyperphosphorylated motif targeted by the SRPK, GSK3, and Cdkl kinases (Fig. 1d) (5, /7-22)
Given the proximity to a key priming residue required for GSK3 phosphorylation (22), we
hypothesized 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 Zn** compound (Phos-Tag™) within acrylamide gels
that selectively binds to phosphorylated serine, threonine, and tyrosine residues; the bound Zn**
decreases electrophoretic mobility of a protein proportionally with the number of phosphorylated
amino acids (23). Importantly, if a protein exhibits multiple phosphorylation states, this will cause

a laddering effect, with each phospho-species appearing as a distinct band (Fig. 3a).

To assess the KR mt’s effects on N-phosphorylation, we infected Calu-3 2b4 cells at a MOI
0f 0.01 and harvested whole cell lysates 48 hpi. Lysates then underwent PA SDS-PAGE followed

by western blotting with an N-specific antibody. When analyzed by PA SDS-PAGE, WT SARS-
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CoV-2 displayed a two-band pattern consisting of a faint upper and prominent lower band,
corresponding to a highly phosphorylated and a less phosphorylated species, respectively (Fig. 3b,
lane 1). In contrast, the KR mt displayed four dark bands of progressively slower mobility,
indicating a substantially different phosphorylation pattern (Fig. 3b, lane 2). Importantly, all four
bands migrated more slowly than the prominent WT band, indicating an overall increase in
phosphorylation in the KR mt. Together, these data indicate that the KR mt modulates and

increases the relative level of SARS-CoV-2 nucleocapsid phosphorylation.

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. 3b, 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 additional nucleocapsid
mutations at D3L and S235F that alpha carries (6, 7). While both the beta (T2051) and kappa
(R203M) variants also displayed slower electrophoretic mobility compared to WA-1, the beta
variant displayed a two-band pattern reminiscent of WA-1 while kappa displayed a laddered
pattern similar to the KR mt (Fig. 3b, lanes 5-6). Together, these data suggest variant mutations in

N at residues 203-205 result in increased phosphorylation of N.

An alanine double substitution mimics the KR mt.

Given that variant mutations at residues 203-205 are diverse in sequence, 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 an R203A/G204A double alanine substitution mutant (AA mt) in the WA-1
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mNG background (fig. S6). After recovery of recombinant SARS-CoV-2, we assessed replication
in Vero E6 and Calu-3 2b4 monolayer cultures. In contrast with the KR mt, the AA mt had no
significant effect on titers in Vero E6 cells (Fig. 3c). 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. 3d). We next confirmed these results in Calu-3 2b4 cells grown as ALI cultures. Again
phenocopying the KR mt, the AA mt had a higher viral titer at 24 hpi, but decreased endpoint titer
when compared to WT (fig. S3b). We next tested the fitness of the AA mt by direct competition
with WT SARS-CoV-2. Vero E6 and Calu-3 2b4 monolayer cultures 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 advantage over WT.
In contrast, the AA mt outcompeted WT with approximately 5-fold frequency increase after
infection of Calu-3 2b4 cells (fig. S4). Overall, the similarities in replication and fitness between
the KR and AA mts in Calu-3 2b4 cells suggest that the KR mt enhances infection primarily by

ablating the ancestral “RG” motif.

Given that the AA mt mimicked the KR mt’s enhancement of in vitro infection, we
hypothesized that the AA mt also increased 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 an increase in 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. 3e).

These data suggest that while the KR and AA mts both alter nucleocapsid phosphorylation, their
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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.
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Discussion:

In this manuscript, we investigate a highly variable motif in SARS-CoV-2 nucleocapsid located at
residues 203-205 and characterized the effects of the alpha variant’s R203K/G204R double
substitution mutation (KR mt) on SARS-CoV-2 infection. Inserting the KR mt in the WA-1
background demonstrated that the KR mt alone is sufficient to increase titer and fitness in
respiratory models of infection. Similarly, in a hamster model, the KR mt is sufficient to increase
disease in infected animals and enhances fitness during direct competition studies in the lung.
Importantly, we demonstrate that the KR mt, the alpha variant, and variants with analogous
mutations have increased nucleocapsid phosphorylation compared to WT SARS-CoV-2, providing
a molecular basis for the observed phenotypic changes. Notably, an analogous double alanine
substitution (AA mt) also showed increased replication, fitness, and altered nucleocapsid
phosphorylation. Together, these data suggest that the KR mt and similar mutations in the
nucleocapsid enhance SARS-CoV-2 infection by disrupting the ancestral “RGT” motif.

The KR mt occurs within the SR domain of nucleocapsid and has a complex role during
SARS-CoV-2 infection. This region of N is hyper-phosphorylated intracellularly, but
unphosphorylated within the mature virion (24, 25). Several studies suggest that phosphorylation
of the SR region acts as a biophysical switch, regulating nucleocapsid function through phase
separation (21, 26, 27). In the proposed model, unphosphorylated nucleocapsid 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 nucleocapsid forms distinct liquid-like
condensates to promote N binding to SARS-CoV-2 nsp3 (27), G3P1 in stress granules (26), and
(presumably) other nucleocapsid functions (28). While not tested in the context of infection, this

model is consistent with studies demonstrating interactions between N and M (29, 30), G3BP1 and
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G3BP2 within stress granules (3/-33), and phosphorylated N and nsp3 to promote the synthesis of
long subgenomic RNAs and full genomes (24, 34-36). 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 infection. Alternatively, the KR mt may
impact the interaction between nucleocapsid and host 14-3-3 proteins which bind nucleocapsid at
several sites in the SR region of N in a phosphorylation dependent manner (37). This interaction
is required for cytoplasmic localization of nucleocapsid in SARS-CoV (38). Notably, one 14-3-3
binding site encompasses the 203-205 motif examined in this study (37) and the KR mt may
enhance infection by altering this interaction.

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 (39),
likely selected for the emergence of the alpha variant. We also find that the KR mt increases
nucleocapsid phosphorylation, suggesting a molecular basis for the mutant’s effects. Importantly,
we show that other variant mutations in this motif increase nucleocapsid phosphorylation, which
may have aided in the emergence of their respective lineages. When taken with the prevalence of
mutations in the SR region, these data suggest that increasing nucleocapsid phosphorylation
through mutations in residues 203-205 is a common feature in circulating variants and represents
a positive selection event for SARS-CoV-2 during 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 mechanism of variant emergence.
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Figure Legends

Figure 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 region 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 7. (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) HAE cells infected with WT (black) or the
KR mt (red) at an MOI of 0.01 (n >2). Data are the mean + s.d. Statistical significance was
determined by two-tailed students T-test with p<0.05 (*), p<0.01 (**), and p< 0.001 (***). Dotted
lines are equal to LOD.

Figure 2: The KR mt enhances SARS-CoV-2 pathogenesis and fitness. (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 10* 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. (F) Schematic of
competition/transmission experiment. (G-H) Three to four-week-old male donor hamsters were
inoculated with 10* 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
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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 (G)
and recipient (H) samples. For weight loss data, mean percent weight loss was graphed + s.e.m.
For titer data, individual weights were graphed with means + s.d. indicated by lines. For
competition studies, individual replicates are graphed while bars represent the mean. Significance
was determined by students T-Test with p<0.05 (*), p<0.01 (**), and p< 0.001 (***). Dotted lines
are equal to LOD.

Figure 3: The KR mt increases N phosphorylation to enhance infection through the
disruption of the ancestral RG sequence. (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. (C-D) Viral titer from
Vero E6 (C) or Calu-3 2b4 (D) cells were infected with WT or the AA mt at an MOI of 0.01 (n=9).
(E) Whole cell lysates from Calu-3 2b4 cells infected with WT SARS-CoV-2 or the AA mt were
analyzed by PA SDS-PAGE (top) or standard SDS-PAGE (bottom) followed by blotting for
nucleocapsid. Blots are representative of three independent experiments. Graphs represent mean
titer + s.d. Significance was determined by two-tailed student’s t-test with <0.05 (*), p<0.01 (**),

and p< 0.001 (***). Dotted lines are equal to LOD.
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Figure 1: The KR mt enhances SARS-CoV-2 replication. (A) Amino acid frequency 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
region 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 f. (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, the
percentage WT is graphed as points for individual replicates while the mean percentage of each virus is displayed
as a bar graph. Statistical significance was determined by two-tailed students T-test with p<0.05 (*), p<0.01
(**), and p< 0.001 (***). Dotted lines are equal to LOD.
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Figure 2: The KR mt enhances SARS-CoV-2 pathogenesis and fitness. (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 10* 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 titer in the lung (C), trachea (D), and from nasal washes
(E) was determined. (F) Schematic of competition/transmission experiment. (G-H) Three to four week old male
donor hamsters were inoculated with 10* 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 (G) and recipient (H) samples. For weight loss data, mean
percent weight loss was graphed + s.e.m. For titer data, individual weights were graphed with means + s.d.
indicated by lines. For competition studies, individual replicates are graphed while bars represent the mean.
Significance was determined by students T-Test with p<0.05 (*), p<0.01 (**), and p< 0.001 (***). Dotted lines

are equal to LOD.
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Figure 3: The KR mt increases N phosphorylation to enhance infection through the disruption of the
ancestral RG sequence. (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. (C-D) Viral titer from Vero E6 (C) or Calu-3 2b4 (D) cells were infected with WT or the AA
mt at an MOI of 0.01 (n=9). (E) Whole cell lysates from Calu-3 2b4 cells infected with WT SARS-CoV-2 or the
AA mt were analyzed by PA SDS-PAGE (top) or standard SDS-PAGE (bottom) followed by blotting for
nucleocapsid. Blots are representative of three independent experiments. Graphs represent mean titer £ s.d.
Significance was determined by two-tailed student’s t-test with <0.05 (¥), p<0.01 (**), and p< 0.001 (¥*%*).
Dotted lines are equal to LOD.
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Figure S1: 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) variant at a MOI of
0.01. Graphed data represent the mean + s.d. Statistical significance was determined by two-tailed students T-
test with p<0.05 (*), p<0.01 (**), and p< 0.001 (¥**). Dotted lines are equal to LOD.
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Figure S2: In vivo attenuation of the SARS-CoV-2 mNeonGreen reporter virus. Golden Syrian hamsters

were intranasally inoculated with PBS alone (gray) or 104 PFU of WT SARS-CoV-2 (blue) or SARS-CoV-2
mNG (black). Graphed data represent the mean weight loss + s.e.m. Statistical significance determined by two-
tailed students T-test with p<0.05 (*) and p<0.01 (**).
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Figure S3: Both the KR mt and AA mt augment viral replication at 24 hpi in Calu-3 2b4 grown as ALI.
(A) Viral titer from Calu-3 2b4 ALI cultures were infected with WT (black) or the KR mt (red) at an MOI of
0.01. (B) Viral titerCalu-3 2b4 ALI cultures were infected with WT (black) or the AA mt at an MOI of 0.01.
Graphed data represent the mean + s.d. Statistical significance was determined by two-tailed students T-test
with p<0.05 (*), p<0.01 (*¥*), and p< 0.001 (***). Dotted lines are equal to LOD.


https://doi.org/10.1101/2021.10.14.464390
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.14.464390; this version posted October 15, 2021. 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.

Competition

Calu3 VeroE6 Expected

I 1
0 20 40 60 80 100

Percentage (%)

Figure S4: The KR and AA mutants augment viral fitness. Competition assay between WT (gray) and AA
mt (green) in Vero E6 or Calu-3 2b4 cells infected at a 1:1 input ratio with an MOI of 0.01 (n=6). The
percentage WT is graphed as points for individual replicates while the mean percentage of each virus is
displayed as a bar graph.
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Day 4

Figure S5: Lung histopathology in hamsters infected with WT and KR mt SARS-CoV-2. Lung tissue was
harvested, fixed, and 5 pm sections cut from mock, WT SARS-CoV-2, or the 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 KR mt (20X).
Shown are representative images typical of data gathered from 5 animals from each group.
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Figure S6: 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 mNeonGreen reporter.


https://doi.org/10.1101/2021.10.14.464390
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.14.464390; this version posted October 15, 2021. 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.

a.
# Of Sequences

Collection Period | Total # of Sequences | Wild Type | R203M | R203K/G204R| T2051 | Other
Dec-19 24 24 0 0 0 0
Jan-20 636 627 0 5 4 0
Feb-20 1,776 1,654 0 118 4 0
Mar-20 51,789 41,743 34 9,849 110 53
Apr-20 52,515 34,698 17 17,492 225 83
May-20 26,722 16,797 12 9,478 365 70
Jun-20 30,279 16,755 13 12,992 438 81
Jul-20 33,132 13,702 51 18,630 574 175
Aug-20 37,196 16,805 28 19,578 484 301
Sep-20 39,886 24,574 20 14,203 871 218
Oct-20 65,901 48,270 18 16,184 1,117 312
Nov-20 95,070 72,554 53 19,843 2,162 458
Dec-20 130,225 86,181 67 37,771 5,709 497
Jan-21 231,857 104,432 | 5,480 102,299 19,646 0
Feb-21 253,458 86,343 650 135,877 23,757 | 6,831
Mar-21 400,236 71,259 3,225 269,759 36,535 | 19,458
Apr-21 395,799 47,657 | 12,634 291,466 25,294 | 18,748
May-21 290,394 22,032 39,441 200,989 11,291 | 16,641
Jun-21 217,989 9,358 137,296 64,233 5,220 | 1,882
Jul-21 195,146 3,828 | 178,242 11,290 1,786 0

b.

% Of Sequences

Collection Period | Total # of Sequences | Wild Type | R203M | R203K/G204R| T205l | Other
Dec-19 N/A 100.00 0.00 0.00 0.00 0.00
Jan-20 N/A 98.58 0.00 0.79 0.63 0.00
Feb-20 N/A 93.13 0.00 6.64 0.23 0.00
Mar-20 N/A 80.60 0.07 19.02 0.21 0.10
Apr-20 N/A 66.07 0.03 33.31 0.43 0.16
May-20 N/A 62.86 0.04 35.47 1.37 0.26
Jun-20 N/A 55.34 0.04 42.91 1.45 0.27
Jul-20 N/A 41.36 0.15 56.23 1.73 0.53
Aug-20 N/A 45.18 0.08 52.63 1.30 0.81
Sep-20 N/A 61.61 0.05 35.61 2.18 0.55
Oct-20 N/A 73.25 0.03 24.56 1.69 0.47
Nov-20 N/A 76.32 0.06 20.87 2.27 0.48
Dec-20 N/A 66.18 0.05 29.00 4.38 0.38
Jan-21 N/A 45.04 2.36 44.12 8.47 0.00
Feb-21 N/A 34.07 0.26 53.61 9.37 2.70
Mar-21 N/A 17.80 0.81 67.40 9.13 4.86
Apr-21 N/A 12.04 3.19 73.64 6.39 4.74
May-21 N/A 7.59 13.58 69.21 3.89 5.73
Jun-21 N/A 4.29 62.98 29.47 2.39 0.86

Jul-21 N/A 1.96 91.34 5.79 0.92 0.00

Table S1: 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).
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