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Delta spike P681R mutation enhances SARS-CoV-2
fitness over Alpha variant
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Highlights
e SARS-CoV-2 spike P681R mutation contributes to Alpha-to-
Delta variant replacement

e Delta P681R mutation enhances the cleavage of full-length
spike to S1 and S2

e Mutations affecting S1/S2 cleavage must be closely
monitored in variant surveillance
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In brief

It is important to identify mutations that
account for the emergence of SARS-CoV-
2 variants. Liu et al. show that the Delta
spike mutation P681R enhances the
cleavage of full-length spike to S1 and S2,
which improves cell-surface-mediated
virus entry and leads to the Alpha-to-
Delta variant replacement.
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SUMMARY

We report that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Delta spike mutation P681R
plays a key role in the Alpha-to-Delta variant replacement during the coronavirus disease 2019 (COVID-19)
pandemic. Delta SARS-CoV-2 efficiently outcompetes the Alpha variant in human lung epithelial cells and pri-
mary human airway tissues. The Delta spike mutation P681R is located at a furin cleavage site that separates
the spike 1 (S1) and S2 subunits. Reverting the P681R mutation to wild-type P681 significantly reduces the
replication of the Delta variant to a level lower than the Alpha variant. Mechanistically, the Delta P681R mu-
tation enhances the cleavage of the full-length spike to S1 and S2, which could improve cell-surface-medi-
ated virus entry. In contrast, the Alpha spike also has a mutation at the same amino acid (P681H), but the
cleavage of the Alpha spike is reduced compared with the Delta spike. Our results suggest P681R as a

key mutation in enhancing Delta-variant replication via increased S1/S2 cleavage.

INTRODUCTION

The continuous emergence of new variants of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) poses the
greatest threat to pandemic control, vaccine effectiveness, ther-
apeutic efficacy, and surveillance (Liu et al., 2022). Since its
emergence in late 2019, mutations have unceasingly emerged
in the circulating viruses, leading to variants with enhanced
transmissibility, evasion of therapeutic antibodies, and break-
through infections in vaccinated individuals (Brown et al., 2021;
Chen et al., 2021; Hou et al., 2020; Liu et al., 2021b; Plante
etal., 2021; Zhou et al., 2021). Since the viral spike glycoprotein
is responsible for binding to the human cellular receptor angio-
tensin-converting enzyme (ACE2), many mutations have accu-
mulated in the spike gene with the potential to alter viral fitness
or to escape immunity. The variants have emerged from different
geographic regions and, depending on their biological proper-
ties, have spread to other regions. The World Health Organiza-
tion (WHO) has classified variants as ‘“variants of concern”
(i.e., Alpha, Beta, Gamma, Delta, and Omicron) and “variants
of interest” (i.e., Eta, lota, Kappa, and Lambda) (WHO, 2021).
The Alpha variant was first identified in the United Kingdom in
September 2020 and subsequently became dominant in many
parts of the world. Afterward, the Delta variant emerged in India
in October 2020 and subsequently spread to over 119 countries,
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displacing the Alpha variant globally (CDC, 2021; WHO, 2021).
From May 2 to July 31 of 2021, the prevalence of the Delta variant
in the United States increased from 1.3% to 94.4%, whereas the
prevalence of the Alpha variant decreased from 70% to 2.4%
(https://covid.cdc.gov/covid-data-tracker/
#variant-proportions). More seriously, the Delta variant has been
associated with increased transmissibility, disease severity, and
breakthrough infections in vaccinated individuals (Brown et al.,
2021; Chia et al., 2021; Li et al., 2021; Milcochova et al., 2021).
The mutation(s) that have driven the explosive spread of the
Delta variant and its displacement of the Alpha variant remain
to be defined. In this study, we used a reverse genetic approach
to identify the molecular determinant(s) for the enhanced fitness
of Delta variant and its dominance over the Alpha variant.

RESULTS

Delta variant replicates more efficiently than Alpha
variant on Calu-3 and primary human airway epithelial
cultures

We constructed infectious cDNA clones for the Alpha (GISAIS:
EPI_ISL_999340) and Delta (GISAIS: EPI_ISL_2100646) SARS-
CoV-2 variants using a previously established protocol (Figure S1)
(Xie etal., 2020, 2021). The infectious cDNA clones enabled us to
prepare recombinant Alpha and Delta SARS-CoV-2 variants
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Figure 1. Delta variant has an improved
fithess over Alpha variant on the Calu-3 and
primary human airway epithelial cultures

(A) Plague morphologies of USA-WA1/2020, Alpha,
and Delta viruses. The plaque images were taken on
day 2.5 post infection of Vero E6 cells. The average
diameters of the plagues are presented in the pa-
rentheses.

(B) Viral kinetics on Vero E6 cells. Recombinant
Alpha and Delta variants were inoculated onto Vero
E6 cells at an MOI of 0.01. After 1 h infection, the
cells were washed thrice with DPBS to remove un-
attached viruses. The viral titers in the culture su-
pernatant were detected at 12, 24, 36, and 48 h post
infection. Red dots represent individual cell cultures
(n = 6) pooled from 2 independent biological re-
peats. Data are mean + SEM. Statistical analysis
was performed using nonparametric two-tailed
Mann-Whitney test.

(C) Replication competition between Delta and
Alpha variants on Calu-3 cells. Culture medium was
sampled for Sanger sequencing at 24, 36, and 48 h
post infection.

(D) Replication competitions between Alpha and
Delta variants on primary human airway epithelial
(HAE) cells. Secreted progeny viruses were
collected by incubating the apical side of the HAE
culture with 300 uL DPBS at 37°C for 30 min from
day 1 to 5. For both (C) and (D), equal PFUs of Alpha
and Delta SARS-CoV-2s were mixed and inoculated
onto Calu-3 and HAE cells at an MOl of 5. At 2 h post
infection, the cells were washed thrice with DPBS to
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remove unattached viruses. Red dots represent in-
dividual cell cultures (n = 6) pooled from 2 indepen-
dent biological repeats. The horizontal lines in each
catseye represent the mean. Shaded regions repre-
sent standard error of the mean. y axes use a logyg

Relative Replicative Fitness (Delta vs Alpha)

24h 36h 48h Day1  Day2

(Figure 1A). Both Alpha and Delta variants rescued from these in-
fectious clones developed smaller plaques on Vero E6 cells than
the earlier USA/WA1-2020 (wild-type) strain isolated in January
2020 (Figure 1A). Sequencing analysis showed no undesired mu-
tations in the rescued recombinant virus stocks. On Vero E6 cells,
the Delta variant replicated faster than the Alpha variant at 12 and
24 h; both variants produced comparable peak viral titers at 36
and 48 h post infection (Figure 1B). To compare the viral replica-
tion fitness more precisely between the Alpha and Delta variants,
we performed a competition assay by infecting cells with a
mixture of the two viruses at a plaque-forming unit (PFU) ratio
of 1:1, followed by quantifying the ratios of the two viral RNA spe-
cies at different days post infection. Compared with analyzing
individual viruses separately, the competition assay has the ad-
vantages of (1) a built-in internal control of each viral replication
and (2) elimination of host-to-host variation that reduces experi-
mental power. Because of its precision and reproducibility (Liu
et al., 2021a), the competition assay has been widely used to
study microbial fithess (Bergren et al., 2020; Grubaugh et al.,
2016; Wiser and Lenski, 2015), including SARS-CoV-2 (Liu
etal., 2021b; Plante et al., 2021; Touret et al., 2021). When infect-
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scale. Black numbers above each set of values (cat-
seye) indicate the ratios of two viral RNA species. p
values were calculated for group coefficient using
linear regression model. **p < 0.01, ***p < 0.001.

T T
Day 4 Day 5

ing human lung adenocarcinoma Calu-3 cells, the RNA ratio of
Delta versus Alpha increased to 3.0, 7.0, and 4.1 at 24, 36, and
48 h post infection, respectively (Figure 1C). When infecting pri-
mary human airway epithelial (HAE) cultures, the RNA ratio of
Delta versus Alpha increased from 1.7 on day 1 to 3.1 on day 5
(Figure 1D). These results indicate that the Delta variant has
greater replication fithess compared with the Alpha variant in
in vitro respiratory models of SARS-CoV-2 infection.

Spike gene drives the improved replication of Delta
variant over Alpha in HAE cultures

To examine if the spike gene alone determines the improved
replication fitness of the Delta variant, we constructed a
chimeric Delta SARS-CoV-2 bearing the Alpha spike glycopro-
tein (i.e., Alpha-spike/Delta-backbone virus; Figure 2A). The
plaque size of Alpha-spike/Delta-backbone virus is between
those of Alpha and Delta variants (compare Figure 2B with Fig-
ure 1A). In a competition assay on HAE culture, the RNA ratio
of Delta versus Alpha spike/Delta backbone continuously
increased from 2.8 on day 1 to 9.8 on day 5 post infection (Fig-
ure 2C), suggesting that (1) the Alpha spike reduces the
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Figure 2. The spike glycoprotein is respon-
sible for the improved replication fitness of
Delta variant in primary human epithelial
airway cultures

(A) Schemes of Alpha variant, Delta variant, and
Delta variant bearing Alpha spike. The spike gene of
Delta variant was swapped with Alpha variant, re-
sulting in a chimeric SARS-CoV-2 of “Alpha-spike/
Delta-backbone.”

Plaques of Alpha-spike/Delta-backbone

0.2 0.2 0.1

(C and D) Replication competitions between Delta
and Alpha-spike/Delta-backbone (C) and Alpha-
spike/Delta-backbone and Alpha (D) on primary

HAE cells. Equal PFU amounts of two viruses were
mixed and inoculated onto HAE cells at an MOI of
5. After 2 h incubation, the cells were washed thrice
with DPBS and maintained for 5 days. Secreted
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progeny viruses were collected daily by incubating

PS5 the apical side of the HAE culture with 300 uL

T T
Day 3 Day 4

DPBS at 37°C for 30 min. Red dots represent individual cell cultures (n = 6) pooled from 2 independent biological repeats; the horizontal lines in each catseye
represent the mean; shaded regions represent standard error of the mean; y axes use a log4q scale. Black numbers above each set of values (catseye) indicate the
ratios of two viral RNA species. p values were calculated for group coefficient using linear regression model. ***p < 0.001.

replication fitness of the Delta variant and (2) the spike gene
drives the improved replication of Delta variant. Interestingly,
the Alpha-spike/Delta-backbone virus replicated less effi-
ciently than the Alpha variant on HAE culture (Figure 2D), sug-
gesting that, in contrast to Delta spike mutations that enhance
replication, mutations outside the spike gene of the Delta
variant reduced to some degree of fitness for viral replication.
The above HAE competition experiments were quantified by
Sanger sequencing (Figures 1D, 2C, and 2D) and subse-
quently verified by lllumina next-generation sequencing
(NGS; Figure S2).

Spike mutation P681R enhances Delta viral replication

The Delta spike has accumulated mutations T19R, G142D,
E156G, F157-R158 deletion, L452R, T478K, D614G, P681R,
and D950N (Figure S1C) (World Health Organization, 2022),
among which P681R is located at a furin cleavage site
(PRRAR|S with P681 underlined and “ |” indicating furin
cleavage) that is absent in other group 2B coronaviruses (Cou-
tard et al., 2020). Since the furin cleavage site was shown to be
important for SARS-CoV-2 replication and pathogenesis (John-
son et al., 2021; Peacock et al., 2021), we hypothesized that
mutation P681R may improve the furin cleavage efficiency of
full-length spike to S1 and S2, leading to a more efficient virus
entry into respiratory epithelial cells. To test this hypothesis, we
reverted the Delta R681 substitution to wild-type P681 in the
Delta SARS-CoV-2 backbone (Figure 3A). The resulting Delta-
P681 virus developed plaques slightly bigger than wild-type
Delta (compare Figures 3B and 1A). Remarkably, the P681
reversion attenuated Delta variant replication on HAE cultures,
as evidenced by the increase in the RNA ratio of wild-type Delta
versus Delta-P681 from 2.2 on day 1 to 3.4 on day 5 (Figure 3C).
The replication of the Delta-P681 virus was even lower than
that of the Alpha variant, as suggested by the decrease in the

RNA ratio of Delta-P681 versus Alpha variant from 0.9 on day
1 to 0.6 on day 5 (Figure 3D). These results demonstrate that
mutation P681R at the furin cleavage site plays a critical role
in enhancing the replication of the Delta variant on primary hu-
man airway cultures.

Spike mutation P681R improves the cleavage of Delta
full-length S to S1 and S2 subunits

We directly evaluated the spike cleavage of Alpha, Delta, Delta-
P681, and wild-type SARS-CoV-2. Virions were prepared from
Vero E6 cells expressing TMPRSS2 (Vero-TMPRSS2), a host
serine protease that is required for SARS-CoV-2 entry via the
ACE2-mediated cell surface mechanism (Murgolo et al., 2021).
We chose Vero-TMPRSS2 cells for virion production because
the primary HAE cultures did not produce enough virions for su-
crose-cushion purification. After virions were purified through
the sucrose-cushion ultracentrifugation, pelleted viruses were
analyzed for spike cleavage by western blotting. The results
showed that spike-processing efficiency of the purified virions
occurred in the order of Delta > Alpha > Delta-P681 > wild-
type USA/WA1-2020 virions (Figure 4A). On a 4%-20% gradient
SDS-PAGE gel, the S1 and S2 bands migrated closely together
(S1/S2), and the Delta S2’ band migrated slightly slower than the
wild-type USA/WA1-2020 and Alpha S2' bands (Figure 4A),
possibly because of distinct amino-acid substitutions and dele-
tions among the variants. It should be noted that, similar to the
Delta P618R substitution, the Alpha variant also has a spike mu-
tation at amino-acid position 681 (P681H), which may contribute
to the increase in spike cleavage when compared with the wild-
type USA/WA1-2020 virus; however, we previously showed that
this mutation alone did not enhance viral fitness or transmission
(Liu et al., 2021b). Overall, our results suggest a correlation of
improved virion spike cleavage with enhanced viral replication
of Delta variant.
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Figure 3. Delta spike P681 reversion impairs
viral fitness

(A) Construction of revertant Delta-P681 SARS-
CoV-2. Single nucleotide G-to-C substitution was
engineered into the Delta variant to construct
Delta-P681 SARS-CoV-2.

(B) Plaques of Delta-P681 virus. The plague images
were taken on day 2.5 post infection of Vero E6 cells.
The average diameter of the plaques are presented

Delta-P681 Asn® Ser™ Pro® Arg® Arg® Ala®™ Delta-P681 in the parentheses. For direct comparison of plaque
mutation (1.14 mm) sizes of different viruses, all plagues presented in
different figures of this paper were performed from
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Next, we examined the intracellular spike cleavage by trans-
fecting HEK293T cells with a plasmid expressing the USA/
WA1-2020 full-length spike (wild-type) fused with a C-terminal
hemagglutinin (HA)-tag. Western blot of cell lysates showed
that, compared with the wild-type spike (P681), Alpha H681
and Delta R681 substitution increased the intracellular spike
cleavage by approximately 2- and 3-fold, respectively (Fig-
ure 4B). The results indicate that Delta P681R substitution and,
to a lesser extent, alpha P681H substitution improve the intracel-
lular furin-mediated cleavage of spike into S1 and S2 subunits.

More efficient replication of Delta variant than Alpha is
not due to improved spike/hACE2 receptor interaction
To exclude the possibility that enhanced replication of the Delta
variant over Alpha was due to an improved spike/ACE2 receptor
interaction, we performed a binding assay using recombinant
spike receptor-binding domain (RBD) and human ACE2 proteins
on a Bio-Layer Interferometry (BLI) system (Figure S3). Within the
RBD, the Alpha RBD has a N501Y mutation, whereas Delta RBD
has L452R and T478K mutations. The BLI results indicate that
the Alpha RBD has a higher binding affinity for ACE2 than Delta
RBD, as indicated by >2,000-fold Kp improvement (Figure S3).
These data argue that the higher replication of Delta variant
than Alpha variant is not due to an improved spike/ACE2 recep-
tor binding.

Viral replication and transmission in hamsters

Encouraged by the observation that Delta variant replicated
more efficiently than Alpha variant on Calu-3 cells (Figure 1C)
and HAE cultures (Figure 1D), we performed competition exper-
iments between the Delta and Alpha variants in a hamster viral
transmission model, as we had previously done for D614G and
Alpha variants (Liu et al., 2021b; Plante et al., 2021). After being
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intranasally inoculated with a 1:1 ratio of Alpha- and Delta-
variant mixture, the donor hamsters were individually co-housed
with naive recipient hamsters for 8 h to allow transmission, after
which the animals were separated into individual cages. NGS
analysis was performed on nasal washes from both donor and
recipient animals to quantify the viral RNA ratio of Alpha versus
Delta variants. For donor animals, the Alpha versus Delta RNA
ratio increased from 1.9 on day 1 to 3.5 on day 4 post infection
(Figure S4A). For recipient animals, the Alpha versus Delta ratio
fluctuated between 5.7 and 18.3 from day 1 to 4 post contact
(Figure S4B). Thus, the Alpha variant exhibited more efficient
replication and transmission than the Delta variant in hamsters.
These results suggest that hamster results do not recapitulate
the HAE results or the human disease/transmission in this
case. Similar discrepant results were recently reported for Omi-
cron variant when analyzed in mouse and hamster models (Half-
mann et al., 2022). The better replication of Alpha over Delta
variant in hamsters might result from mutation N501Y in the
Alpha spike that seems to significantly improve the usage of ro-
dent ACE2 (Niu et al., 2021).

DISCUSSION

Since the emergence of SARS-CoV-2, the virus has accumu-
lated mutations to improve transmission and/or evasion of im-
munity. A number of mutations have been identified to improve
viral fitness and transmission. First, SARS-CoV-2 accumulated
a D614G mutation in the spike gene to enhance viral transmis-
sion (Hou et al., 2020; Korber et al., 2020; Plante et al., 2021;
Zhou et al., 2021). This mutation promotes spike RBD in an
“open” conformation to facilitate ACE2 receptor binding (Yurko-
vetskiy et al., 2020). Second, spike mutation N501Y emerged
independently in Alpha, Beta, Gamma, and Omicron variants
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Figure 4. The Delta spike P681R mutation im-
proves spike protein processing
(A) Spike cleavages of purified virions. USA/WA1-

(S1/s2 vs FL)

FL |
S2

FL={

a-Spike

S1S2—| I e e e

S2'— ' L

2020, Alpha, Delta, and Delta-P681 viruses were
purified and analyzed by western blot using poly-
clonal antibodies against spike and anti-nucleo-
capsid antibodies. Full-length (FL) spike, cleaved
S$1/S2, and S2’ proteins were annotated.

(B) Intracellular spike cleavages. C-terminally HA-
tagged USA/WA1-2020 wild-type, P681H, and
P681R mutant spikes were expressed in 293T cells.
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from different geographic regions. The N501Y mutation further
increases the binding affinity between the spike protein and
ACE2, leading to additional improvements in viral transmission
(Liu et al., 2021b; Mlicochova et al., 2021; Wan et al., 2020).
The current study aimed to identify mutation(s) in the Delta
variant that are responsible for the Alpha-to-Delta replacement.
Our results showed that spike mutation(s) contribute to the
enhanced viral fitness of the Delta variant over Alpha. Impor-
tantly, the P681R mutation plays a critical role in this fitness
advantage and increases the processing of Delta spike to S1
and S2, most likely through an improved furin cleavage when
newly assembled virions egress through the trans-Golgi
network. Although the original SARS-CoV-2 strain has a func-
tional furin cleavage site with a minimal recognition site of
RXXR| (Molloy et al., 1992), adjacent residues influence the
cleavage efficiency (Krysan et al., 1999). Indeed, the Delta
P681R substitution increases the intracellular spike cleavage
(Figure 4B). Corroboratively, purified extracellular Delta virions
showed an improved spike cleavage than the wild-type USA/
WA1-2020 and Alpha virions; reversion of the Delta P681R to
wild-type P681 alone reduced the spike cleavage of the purified
Delta virion (Figure 4A). These results support the hypothesis that
when the Delta variant infects respiratory epithelial cells, it binds
to ACE2 receptor via the RBD in S1; already cleaved at the S1/S2
site, the Delta virion facilitates cleavage at S2’ by the cell-surface
protease TMPRSS2, leading to an activation of the S2 fusion
peptide for viral and plasma membrane fusion (Murgolo et al.,
2021). This hypothesis is also supported by other studies report-
ing that the P681R substitution improves spike cleavage of Delta
variant to increase viral replication and cell fusion (Escalera et al.,
2022; Saito et al., 2022).

In contrast to the Delta variant, which improves a TMPRSS2-
mediated plasma membrane route of virus entry, the recently
emerged Omicron variant, which also harbors the same spike
P681H substitution as Alpha variant, increases viral replication
on human primary nasal epithelial cultures through an efficient
endosomal route of virus entry. Consistently, the Omicron
spike was less efficiently cleaved than the Delta spike, sug-
gesting an altered TMPRSS2 usage for virus entry. The altered

3 & 4&0\ NI
i & ESL

by ImagelLab 6.0.1 (BioRad). The ratios of S1/S2
or S2 subunits over FL spike are indicated at the
top of the western blots.

TMPRSS2 usage could impact viral tropism and reduce fuso-
genicity of infected cells (Meng et al., 2022; Peacock et al.,
2022; Yamasoba et al., 2022). Nevertheless, the Omicron
variant has a higher transmissibility than the Delta variant in hu-
mans (Lyngse et al., 2022). The molecular mechanism of high
transmission for Omicron remains to be determined. Besides
viral replication, other factors, such as immune evasion of anti-
body neutralization elicited by vaccination or infection (Xia
et al.,, 2022; Zou et al., 2022), could contribute to Omicron
surges around the world.

In summary, using a reverse genetic system and primary
human airway cultures, we have identified spike mutation
P681R as a determinant for enhanced viral replication fitness
of the Delta compared with the Alpha variant. The P681R
mutation enhances spike protein processing, most likely
through the improved furin cleavage site. As new variants
continue to emerge, spike mutations that affect furin cleavage
efficiency, as well as other mutations that may increase viral
replication, pathogenesis, and/or immune escape, must be
closely monitored. In addition, the recent studies on both
Delta and Omicron variants underline the importance in func-
tionally analyzing variant mutations to validate sequence-
based predictions.

Limitations of the study

One weakness of the current study is the discrepancy between
the cell culture Calu-3/HAE results and the hamster transmission
results. A similar discrepancy was observed for Omicron variant
when analyzed in cell culture and mouse/hamster models (Half-
mann et al., 2022). These discrepancies may be caused by the
differences in ACE receptors and their distributions in the respi-
ratory tracts of human and animal species. However, it should be
noted that the Calu-3 and HAE culture data recapitulated the
increased viral replication, transmission, and disease severity
of the Delta variant that were observed in humans (Brown
et al., 2021; Chia et al., 2021; Li et al., 2021; MIcochova et al.,
2021). More studies are needed to identify the factor(s) respon-
sible for the cell culture and hamster model discrepancy. Another
weakness is the lack of data on Delta-spike/Alpha-backbone
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virus or Alpha-R681 virus (i.e., Alpha virus with a single R681 mu-
tation) to further support our conclusion that spike P681R is a key
mutation in enhancing Delta variant replication via increased S1/
S2 cleavage.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-GAPDH Sigma-Aldrich Cat#G9545; RRID:AB_796208
anti-HA Cell Signaling Technology Cat#2367; RRID:AB_10691311

SuperScript IV First-Strand Synthesis System Thermo Fisher Scientific Cat#18091300
Platinum SuperFi Il DNA Polymerase Thermo Fisher Scientific Cat#12361010
E. coli strain Top10 ThermoFisher Scientific Cat#C404006
Bacterial and virus strains

USA-WA1-2020 SARS-CoV-2 Xie et al., 2020 N/A

Alpha-FL This paper N/A

Delta-FL This paper N/A
Alpha-spike/Delta backbone This paper N/A
Delta-P681 This paper N/A
WT-P681H This paper N/A
WT-P681R This paper N/A
Chemicals, peptides, and recombinant proteins

Puromycin Thermo Fisher Scientific Cat#A1113802
Polybrene Sigma-Aldrich Cat#TR-1003
TRIzol LS Reagent Thermo Fisher Scientific Cat#10296028
Human ACE2 protein Sino Biological Cat#10108-HO8H
Human IgG1 Fc-tagged RBD protein Ku et al., 2021 N/A

Critical commercial assays

T7 mMessage mMachine kit Thermo Fisher Scientific Cat#AM1344
Ingenio Electroporation solution Mirus Bio LLC Cat#MIR 50117
Lenti-X Packaging Single Shots (VSV-G) Takara Cat#631275
NEBuilder HiFi DNA Assembly kit New England Biolabs Cat#E5520S8

Deposited data

Raw NGS data for HAE competition This paper NCBI Sequence Read Archive
database (accession: PRUNA829976)

Experimental models: Cell lines

HEK293T cells ATCC Cat#CRL-3216,RRID:CVCL_0063

Vero E6 cells ATCC Cat#CRL-1586,RRID: CVCL_0574

Vero-E6 TMPRSS2 SEKISUI XenoTech, LLC N/A

Calu-3 cells ATCC Cat#HTB-55, RRID:CVCL_0609

The EpiAirway system MatTek Life Science Cat#EpiAirway

Experimental models: Organisms/strains

Hamster: HsdHan:AURA Envigo Cat#8902M

Oligonucleotides

Primers used for SARS-CoV-2 infectious This paper (see Table S1) N/A

clones’ construction, RT-PCR and

sequencing, See Table S1

Software and algorithms

Prism 9.0 software GraphPad N/A

QSVanalyser Insilicase N/A

ImageJ NIH N/A

lllustrator CC Adobe N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Octet Data Acquisition 9.0 Sartorius N/A

Octet Data Analysis software V11.1 Sartorius N/A

R 3.6.1 The R Project for Statistical Computing N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by Lead Contact, Dr. Pei-Yong
Shi (peshi@utmb.edu).

Materials availability
Plasmids and virus generated in this study will be made available on request, but we might require a payment and/or a completed
Materials Transfer Agreement if there is potential for commercial application.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. The NGS sequencing data has been deposited to
NCBI Sequence Read Archive database (accession: PRINA829976).
This paper does not report original code.
Any other information required to reanalyze the data reported in this paper are available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells

African green monkey kidney epithelial Vero E6 cells and HEK293 cells (ATCC, Manassas, VA, USA) were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco/Thermo Fisher, Waltham, MA, USA) with 10% fetal bovine serum (FBS; HyClone Laboratories,
South Logan, UT) and 1% penicillin/streptomycin (Gibco). Vero E6 cells expressing human TMPRSS2 (Vero-TMPRSS2) were ob-
tained from SEKISUI XenoTech, LLC (Kansas City, KS) and maintained in 10% fetal bovine serum (FBS; HyClone Laboratories, South
Logan, UT) and 1% P/S and 1 mg/ml G418 (Gibco) as previously reported (Matsuyama et al., 2020). Human lung adenocarcinoma
epithelial Calu-3 cells (ATCC) were maintained in a high-glucose DMEM containing sodium pyruvate and GlutaMAX (Gibco) with 10%
FBS and 1% penicillin/streptomycin at 37°C with 5% CO2. The EpiAirway system is a primary human airway 3D tissue model pur-
chased from MatTek Life Science (Ashland, MA, USA). This EpiAirway system was maintained with the provided culture medium at
37°C with 5% CO2 following manufacturer’s instruction. All other culture medium and supplements were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). All cell lines were verified and tested negative for mycoplasma.

Hamsters

Hamster studies were performed in accordance with the guidance for the Care and Use of Laboratory Animals of the University of
Texas Medical Branch (UTMB). The protocol (2009087) was approved by the Institutional Animal Care and Use Committee
(IACUC) at UTMB. All the hamster operations were performed under anesthesia by isoflurane to minimize animal suffering. Four-
to six-week-old male golden Syrian hamsters, strain HsdHan:AURA (Envigo, Indianapolis, IN), were inoculated intranasally with
100 ul SARS-CoV-2. Five donor animals received a mixture containing 5 x 10 PFU of Alpha virus and 5 x 10* PFU of Delta virus.
One day later, one infected donor animal was co-housed with one naive recipient animal for 8 h (5 pairs). Afterwards, the donor
and recipient animals were individually housed to separate cages. Nasal washes were collected in 400 pl sterile DPBS at indicated
time points. Ratios of Alpha versus Delta RNA were determined via RT-PCR with quantification of NGS.

METHOD DETAILS

Construction of infectious cDNA clones and SARS-CoV-2 mutant viruses

The full-length cDNA clones of Alpha and Delta variants were constructed through mutagenesis of a previously established cDNA
clone of USA-WA1-2020 SARS-CoV-2 (Xie et al., 2020, 2021). The previous seven-fragment in vitro ligation method was improved
to a three-fragment ligation approach (Figure S1A) to construct the full-length cDNA clones of Alpha and Delta SARS-CoV-2, re-
sulting in Alpha-FL and Delta-FL, respectively. Prior to the three-fragment ligation, mutations from Alpha or Delta variants were
engineered into individual fragments of USA-WA1-2020 using a standard mutagenesis method. The sequences for constructing
Alpha-FL, Delta-FL and Alpha-spike/Delta-backbone were downloaded from GISAID database, the accession ID for Alpha is EP-
I_ISL_999340, accession ID for Delta is EPI_ISL_2100646. Individual point mutations for Alpha (NSP3: P153L, T183l, A890D,
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11412T; NSP6: SGF106-108del; NSP12: P323L; Spike: HV69-70del, Y145del, N501Y, A570D, D614G, P681H, T716l, S982A,
D1118H; ORF8: Q27stop, R52I, Y73C, S84L; N: D3L, R203K, G204R, S235F) and individual point mutations for Delta (NSP2:
P129L; NSP3: P822L; H1274Y; NSP4: A446V; NSP6: V149A; NSP12: P323L; V355A; G671S; NSP13: P77L; NSP15: H234Y; Spike:
T19R, G142D, E156G, FR157-158del, L452R, T478K, D614G, P681R, D950N; ORF3a: S26L; M: 182T; ORF7a: V82A; L116F; T120I;
ORF8: S84L; DF119-120del; N: D63G; R203M; D377Y; R385K) were introduced into subclones of individual fragments by over-
lapping fusion PCR. For preparing Alpha-spike/Delta-backbone virus, the spike gene of Delta-FL was replaced with the spike
gene of the Alpha. For preparing Delta-P681 virus, the P681 reversion was introduced into a subclone containing Delta spike
gene by overlapping fusion PCR. All primers used for the construction were listed in Table S1. The full-length infectious clones
of SARS-CoV-2 variants were assembled by in vitro ligation of contiguous DNA fragments. In vitro transcription was then per-
formed to synthesize full-length genomic RNA. For recovering recombinant viruses, the RNA transcripts were electroporated
into Vero E6 cells. The viruses from electroporated cells were harvested at 40 h post electroporation and served as PO stocks.
All viruses were passaged once on Vero E6 cells to produce P1 stocks for subsequent experiments. All P1 viruses were subjected
to next generation sequencing to confirm the introduced mutations without undesired changes. Viral titers were determined by
plague assay on Vero E6 cells. The infectious titers of all recombinant P1 viruses were 1.9 > 107 PFU/ml in this study. All virus
preparation and experiments were performed in a biosafety level 3 (BSL-3) facility. Viruses and plasmids are available from the
World Reference Center for Emerging Viruses and Arboviruses (WRCEVA) at the University of Texas Medical Branch.

RNA extraction, RT-PCR, and sanger sequencing

Cell culture supernatants or nasal wash samples of hamsters were mixed with a five-fold excess of TRIzol™ LS Reagent (Thermo
Fisher Scientific, Waltham, MA, USA). Viral RNAs were extracted according to the manufacturer’s instructions. The RNAs were ampli-
fied using a SuperScript™ Il One-Step RT-PCR kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol. The size of
desired amplicon was verified with 2 ul of PCR product on an agarose gel. The remaining 18 pl of RT-PCR DNA was purified by a
QIAquick PCR Purification kit (Qiagen, Germantown, MD, USA). Sequences of the purified RT-PCR products were generated using
a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems, Austin, TX, USA). The sequencing reactions were purified using
a 96-well plate format (EdgeBio, San Jose, CA, USA) and analyzed on a 3500 Genetic Analyzer (Applied Biosystems, Foster City, CA).
The peak electropherogram height representing each mutation site and the proportion of each competitor was analyzed using the
QSVanalyser program.

Plaque assay

Approximately 1.2x10° Vero E6 cells were seeded to each well of 6-well plates and cultured at 37°C, 5% CO, for 16 h. Virus was
serially diluted in DMEM with 2% FBS and 200 pl diluted viruses were transferred onto the cell monolayers. The viruses were incu-
bated with the cells at 37°C with 5% CO, for 1 h. After the incubation, overlay medium was added to the infected cells per well. The
overlay medium contained DMEM with 2% FBS, 1% penicillin/streptomycin, and 1% sea-plaque agarose (Lonza, Walkersville, MD).
After 2.5-day incubation, plates were stained with neutral red (Sigma-Aldrich, St. Louis, MO, USA) and plaques were counted on a
light box. All plaque morphologies presented in different figures were performed from the same set of experiment.

Next generation sequencing (NGS)

The competition results generated by Sanger sequencing were confirmed using NGS methods. Briefly, viral RNA samples from
competition groups of (i) Delta versus Alpha and (ii) Delta versus Alpha-spike/Delta-backbone were used for a specific one-step
RT-PCR that containing the A23063T mutation site. Viral RNA samples from competition group of Alpha versus Alpha-spike/
Delta-backbone were quantified by the T14444C mutation. The RT-PCR primers were listed in Table S1. The PCR products were
purified by a QIAquick PCR Purification kit (Qiagen, Germantown, MD) according to the manufacturer’s protocol. Dual-indexed
adapter sequences (New England BiolLabs, Ipswich, MA) were added with 5 cycles of PCR. Samples were pooled and sequenced
on an lllumina MiniSeq Mid-Output flow cell with the paired-end 150 base protocol. The reads were filtered for Q-scores of 37 at the
A23063T and T14444C mutation sites and adjacent bases and counted. The input ratios and output ratios of two viruses were ob-
tained and used for the relative replicative fithess analysis (Table S2). The output virus ratios were normalized by the input virus ratios
and presented in Figures 1, 2, 3, and S2.

Viral infection of cell lines

Approximately 3x 10° Calu-3 cells were seeded onto each well of 12-well plates and cultured at 37°C, 5% CO, for 16 h. Equal PFUs of
two viruses were inoculated onto Calu-3 cells at a final MOI of 0.1. The mixed viruses were incubated with the cells at 37°C for 2 h.
After infection, the cells were washed thrice with DPBS to remove residual viruses. One milliliter of culture medium was added into
each well. At each time point, 100 pl of culture supernatants were lysed in TRIzol LS reagent for the detection of competition assay,
and 100 pl of fresh medium was added into each well to replenish the culture volume. The cells were infected in triplicate for each
group of viruses. All samples were stored at -80°C until analysis.

Primary human airway cultures

The EpiAirway system is a primary human airway 3D mucociliary tissue model consisting of normal, human-derived tracheal/bron-
chial epithelial cells. Different combinations of mixed viruses for competition assays were inoculated onto the culture at a total MOI of
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5in DMEM with 2% FBS. After 2 hinfection at 37°C with 5% CO,, the inoculum was removed, and the culture was washed three times
with DPBS. The infected epithelial cells were maintained without any medium in the apical well, and medium was provided to the
culture through the basal well. The infected cells were incubated at 37°C, 5% CO,. From day 1 to day 5 post-infection, 300 pl of
DPBS were added onto the apical side of the airway culture and incubated at 37°C for 30 min to elute progeny viruses. All virus sam-
ples in DPBS were stored at —80°C and quantified by plaque assays on Vero E6 cells.

Virion purification and western blotting

Vero E6 expressing TMPRSS2 were infected with different SARS-CoV-2 at an MOI of 0.01. At 24 h post-infection, the culture medium
was collected, purified through a 20% sucrose cushion, and analyzed by Western blot as previously described on a 4-20% gradient
SDS-PAGE gel (Johnson et al., 2021). For the intracellular spike cleavage experiments, USA/WA1-2020 spike, P681H mutant, and
P681R mutant were inserted to plasmid pVAX1 Vector with a C-terminal HA tag. Two micrograms of each plasmid were transfected
and expressed in HEK293T cells for 24 h. Cells were harvested and lysed by RIPA buffer for Western blot analysis (anti-HA, Cell
Signaling Technology, 2367; anti-GAPDH, Sigma-Aldrich, G9545). Densitometry was performed to quantify the cleavage efficiency
of full-length spike to S1/S2 or S2 subunits using ImagelLab 6.0.1 (Bio-Rad #12012931). The average results of three experiments
were presented.

Spike RBD and ACE2 binding

The human ACE2 protein was purchased from Sino Biological (Beijing, China; Cat# 10108-H08H) and the human IgG1 Fc-tagged
RBD proteins were made in-house using a method as previously described (Ku et al., 2021). The affinity measurement was performed
on the ForteBio Octet RED 96 system (Sartorius, Goettingen, Germany). Briefly, the RBD proteins (20 pg/ml) of Alpha or Delta RBDs
were captured onto protein A biosensors for 300s. The loaded biosensors were then dipped into the kinetics buffer for 10 s for adjust-
ment of baselines. Subsequently, the biosensors were dipped into serially diluted (from 1.23 to 300 nM) human ACE2 protein for 200 s
to record association kinetics and then dipped into kinetics buffer for 400 s to record dissociation kinetics. Kinetic buffer without
ACE2 was used to correct the background. The Octet Data Acquisition 9.0 software was used to collect affinity data. For fitting of
Kp values, Octet Data Analysis software V11.1 was used to fit the curve by a 1:1 binding model using the global fitting method.

QUANTIFICATION AND STATISTICAL ANALYSIS

Hamsters were randomly allocated into different groups. The investigators were not blinded to allocation during the experiments or
to the outcome assessment. No statistical methods were used to predetermine sample size. Descriptive statistics have been pro-
vided in the figure legends. For in vitro replication kinetics, Kruskal-Wallis analysis of variance was conducted to detect any sig-
nificant variation among replicates. If no significant variation was detected, the results were pooled for further comparison. Differ-
ences between continuous variables were assessed with a non-parametric Mann-Whitney test. Analyses were performed in Prism
version 9.0 (GraphPad, San Diego, CA). For virus competition experiments, relative replicative fitness values for different variants
were analyzed according to w=(f0/i0), where i0 is the initial two-virus ratio and 0 is the final two-virus ratio after competition.
Sanger sequencing (initial timepoint TO) counts for each virus being compared were based upon average counts over three repli-
cate samples of inocula per experiment, and post-infection (timepoint T1) counts were taken from samples of individual subjects.
For cell culture samples, multiple experiments were performed, so that f0/i0 was clustered by experiment. To model f0/i0, the ratio
TO/T1 was found separately for each subject in each virus group, log (base-10) transformed to an improved approximation of
normality and modeled by analysis of variance with relation to group, adjusting by experiment when appropriate to control for clus-
tering within experiment. Specifically, the model was of the form Log10_CountT1overCountTO ~ Experiment + Group. Fitness ra-
tios between the two groups [the model’s estimate of w=(f0/i0)] were assessed per the coefficient of the model’'s Group term,
which was transformed to the original scale as 10Acoefficient. This modeling approach compensates for any correlation due to
clustering within experiment similarly to that of corresponding mixed effect models and is effective since the number of experi-
ments was small. Statistical analyses were performed using R statistical software (R Core Team, 2019, version 3.6.1). In all sta-
tistical tests, two-sided alpha = .05. Catseye plots (Cumming, 2014), which illustrate the normal distribution of the model-adjusted
means, were produced using the “catseyes” package (Andersen, 2019).
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