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Abstract

As novel SARS-CoV-2 variants continue to emerge, it is critical that their potential to cause
severe disease and evade vaccine-induced immunity is rapidly assessed in humans and
studied in animal models. In early January 2021, a novel SARS-CoV-2 variant designated
B.1.429 comprising 2 lineages, B.1.427 and B.1.429, was originally detected in California
(CA) and it was shown to have enhanced infectivity in vitro and decreased antibody neutrali-
zation by plasma from convalescent patients and vaccine recipients. Here we examine the
virulence, transmissibility, and susceptibility to pre-existing immunity for B 1.427 and B
1.429 in the Syrian hamster model. We find that both variants exhibit enhanced virulence as
measured by increased body weight loss compared to hamsters infected with ancestral B.1
(614G), with B.1.429 causing the most marked body weight loss among the 3 variants.
Faster dissemination from airways to parenchyma and more severe lung pathology at both
early and late stages were also observed with B.1.429 infections relative to B.1. (614G) and
B.1.427 infections. In addition, subgenomic viral RNA (sgRNA) levels were highest in oral
swabs of hamsters infected with B.1.429, however sgRNA levels in lungs were similar in all
three variants. This demonstrates that B.1.429 replicates to higher levels than ancestral B.1
(614G) or B.1.427 in the oropharynx but not in the lungs. In multi-virus in-vivo competition
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experiments, we found that B.1. (614G), epsilon (B.1.427/B.1.429) and gamma (P.1) dra-
matically outcompete alpha (B.1.1.7), beta (B.1.351) and zeta (P.2) in the lungs. In the

nasal cavity, B.1. (614G), gamma, and epsilon dominate, but the highly infectious alpha vari-
ant also maintains a moderate size niche. We did not observe significant differences in air-
borne transmission efficiency among the B.1.427, B.1.429 and ancestral B.1 (614G) and
WA-1 variants in hamsters. These results demonstrate enhanced virulence and high relative
oropharyngeal replication of the epsilon (B.1.427/B.1.429) variant in Syrian hamsters com-
pared to an ancestral B.1 (614G) variant.

Author summary

In 2020 and 2021, new variants of SARS-CoV-2 were detected in the UK, South Africa,
Brazil, India, California and beyond. New SARS-CoV-2 variants will continue to emerge
for the foreseeable future in the human population and the potential for these new vari-
ants to produce severe disease and evade vaccines needs to be understood. In this study,
we used the hamster model to determine the epsilon (B.1.427/429) SARS-CoV-2 variants
that emerged in California in late 2020 cause more severe disease and infected hamsters
have higher viral RNA levels in oral swabs compared to the prior B.1 (614G) variant.
These findings are consistent with human clinical data and help explain the emergence
and rapid spread of this variant in early 2021.

Introduction

SARS-CoV-2 variants are defined as novel viruses that contain one or more mutations relative
to ancestral viruses. SARS-CoV-2 variants are designated by public health agencies as “variants
of concern” (VOC) or “variants of interest” (VOI) if they seem to have enhanced human trans-
mission based on epidemiology or enhanced resistance to vaccine-induced immune responses
[1]. With the identification in humans of at least five circulating variants of concern (VOC) in
2020 and 2021 from the UK, South Africa, Brazil, India, and California [2-4], it is apparent
that SARS-CoV-2 VOCs will continue to emerge for the foreseeable future in the human popu-
lation. These new variants are replacing formerly dominant variants and sparking new
COVID-19 outbreaks. To avoid another uncontrolled SARS-CoV-2 pandemic, an ongoing
effort is needed to monitor, collect, and analyze data on new SARS-CoV-2 variants, identify
VOCs and determine their impact on the performance of COVID-19 diagnostics and the effi-
cacy of available treatments and vaccines.

In early January 2021, two novel SARS-CoV-2 lineages, designated B.1.427 and B.1.429
(epsilon variants), were detected in California (CA) [5]. Epidemiologic studies suggest that the
variants originated in CA and were responsible for an increasing proportion of cases begin-
ning in November until more than 50% of the cases in in the state were due to the epsilon vari-
ant in February 2021 [5]. This suggested that epsilon (B.1.427/B.1.429) variant had a
moderately increased transmission efficiency in the population relative to the previously domi-
nant B.1 (614G). In spring 2021, the WHO and CDC listed B.1.429/B.1.427 (epsilon) as a
VOC, however as of July 2021, the epsilon variant was no longer considered a VOI [1,6]. The
epsilon variant is currently (October 2021) designated a “variant under monitoring” (VUM)
[1,6].
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In-vitro studies demonstrated that the L452R spike mutation found in the B.1.427/B.1.429
variant increases infectivity and decreases susceptibility to antibody neutralization, rendering
these CA VOCs completely resistant to one therapeutic monoclonal antibody, bamlanivimab
[5]. B.1.427/429 has also been shown to partially escape vaccine elicited polyclonal and mono-
clonal neutralizing antibodies, using a novel mechanism of immune evasion [7,8]. A 2-3-fold
reduction in the plasma neutralizing antibody titers against B.1.427/B.1.429 compared to
ancestral B.1 (614G) variants in recipients of the Moderna mRNA vaccine was observed [7].
This finding was confirmed by a recent report showing that neutralizing titers in plasma from
Wu-1 based mRNA vaccinees or from recovered patients were 2- to 3.5-fold lower against the
B.1.427/B.1.429 variant relative to B.1 (614G) pseudoviruses [8]. Further, the L452R mutation
reduced neutralizing activity in a subset of receptor binding domain-specific monoclonal (m)
Abs tested, and the S13I and W152C mutations abrogated neutralization by all N-terminal
domain-specific mAbs tested [8]. Taken together these data provide evidence that the epsilon
(B.1.427/B.1.429) variant partially evades the human immune response [7,8].

Syrian hamsters are a widely used small animal model to study the infectivity and virulence
of clinical SARS-CoV-2 isolates [9-13]. Following intranasal inoculation, hamsters are infected
with SARS-CoV-2 and develop moderate to severe lung pathology. SARS-CoV-2—-infected
hamsters mount neutralizing antibody responses and are protected against homologous and
heterologous re-challenge with SARS-CoV-2 [12,14,15]. In this study, we used the hamster
model to determine the relative fitness and transmissibility of the ancestral SARS-CoV-2 and
the B.1.427/429 variants in hamsters, and whether hamsters previously infected with the ances-
tral B.1 (614G) are susceptible to acute reinfection with B.1.427 or B.1.429.

We find that the B.1.427/429 variants are more virulent than the ancestral B.1 (614G) vari-
ant, as measured by weight loss of infected animals, viral RNA levels in the oral swabs and his-
topathology of the lungs. These findings are consistent with human clinical data and help
explain the emergence and rapid spread of this variant in early 2021.

Results

Body weight loss in hamsters inoculated with SARS-CoV-2 epsilon
(B.1.429/427) is more severe and sustained than in hamsters infected with
ancestral B.1 (614G) SARS-CoV-2

To assess the virulence of SARS-CoV-2 variants, we infected hamsters intranasally with
approximately 5000 PFU of B.1 (614G) (N = 22), B.1.427 (N = 25), or B.1.429 (N = 18). Body
weights and oral swabs were obtained daily, and lungs collected at necropsy on 2, 4, 6, and
10-days post-inoculation were examined for pathologic changes and to determine the extent
and level of virus replication. Hamsters inoculated with SARS-CoV-2 began losing weight at
day 2-3 PI with a nadir lasting from 4-6 days PI in B.1 (614G) animals, from 4-7 days PI in
B.1.427 animals and from 4-8 days PI in B.1.429 animals. The difference in weight loss
between the B.1 (614G) animals and epsilon (B.1.429) animals was statistically significant
(Fig 1A).

Intranasal inoculation of hamsters with SARS-CoV-2 B.1.429 results in
more severe pulmonary pathology compared to B.1.427 or ancestral B.1
(614G) SARS-CoV-2

All hamsters inoculated with the 3 SARS-CoV-2 variants developed moderate to severe bron-
cho-interstitial pneumonia. To quantify the extent and severity of lung pathology, 2 scoring
systems were used: the first evaluated all relevant changes in the lungs of the infected animals
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Fig 1. Change in body weight and lung histopathology scores in hamsters after intranasal inoculation with B.1 (614G), B.1.427 and B.1.429. A) Change in
body weight relative to the day of inoculation. Mean values of all groups were compared using a Kruskal-Wallis test, and a post-hoc Dunn multiple comparison
test was used to compare the mean values of the 427 (N = 25) or 429 (N = 18) groups individually to the 614G (N = 22) group), each dot is the weight of a single
animal. B) Total lung histopathology score (see Materials and Methods for explanation), each dot is the score of a single animal. C) Lung vascular

histopathology score (see Materials and Methods for explanation), each dot is the score of a single animal. The top of the bars indicates mean values in B and C.

https://doi.org/10.1371/journal.ppat.1009914.9001

(Fig 1B) and the second evaluated only the pathology associated with the pulmonary vascula-
ture (Fig 1C). In all animals, the extent of lung pathology increased from days 2-6 and
decreased dramatically by 10 days post-infection (Fig 1B and 1C). However, the lungs from
hamsters infected with B.1.429 had a trend toward higher overall pathology scores compared
to animals infected with B.1 (614G) or B.1.427 (Fig 1B). B.1.429 inoculated animals exhibited
more widespread and severe lesions at 2 days PI than B.1 (614G) and B.1.427 inoculated ani-
mals. These early severe histopathological changes also persisted for a longer time in B.1.429
infections as seen by comparison of the scores at days 2 and 10 (Fig 1B). The calculated area
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Fig 2. Lung histopathology in hamsters after intranasal inoculation with B.1.429 is more acute and prolonged than in hamsters inoculated with B.1
(614G) and B.1.427. A, F, K) Sub-gross histology of normal lungs from uninfected hamsters. Top row: Sub-gross histology of B.1 (614G) infection after B) 2
days PI, C) 4 days PI, D) 6 days PI, E) 10 days PI. Middle row: Sub-gross histology of B.1.427 infection after G) 2 days PI, H) 4 days P, I) 6 days PI, J) 10 days
PI. Bottom row: Sub-gross histology of B.1.429 infection after L) 2 days PI, M) 4 days PI, N) 6 days P, O) 10 days PI. Asterisks = foci of inflammation, necrosis
and/or hemorrhage. Hematoxylin and eosin stain. Original magnification: 1x. Scale bars equal 1 mm.

https://doi.org/10.1371/journal.ppat.1009914.9002

under the curve for lung pathology scores in Fig 1B was 150, 147 and 169.7 for the B.1 (614G)
group, B.1.427 group and B.1.429 group, respectively. The degree of vascular pathology was
similar among hamsters infected with B.1.429, B.1 (614G) or B.1.427, except on day 2 when
vascular pathology was marginally more severe in B.1.429 infected animals (Fig 1C). It must be
noted however that lungs of only 3 animals/group at each time point were adequately perfused
for scoring, which limits the strength of the conclusions that can be drawn from comparing
these scores. Despite that limitation, it seems clear that B1.429 infection induces moderate to
severe lung pathology more quickly and for a longer duration than B.1. (614G) and B.1.427
infections.

Although the extent, severity and timing of the lesions differed among animals infected
with the different variants, the overall nature of the broncho-interstitial pneumonia was simi-
lar in all animals infected with any of the 3 variants. At day 2 PI, lesions were centered on large
airways and ranged from mild bronchitis to patchy, moderate bronchiolitis, bronchiolar epi-
thelial cell necrosis and rupture of bronchiolar wall with limited extension of a mixed inflam-
matory infiltrate (composed of neutrophils, macrophages, fewer lymphocytes and scattered
multinucleated syncytial cells) into adjacent alveolar septa (Figs 2, 3B, 3G and 3L). The affected
pulmonary surface area in examined sections ranged from 2 to 20% (Fig 2B, 2G and 2L).
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Fig 3. The nature of lung histopathology in hamsters after intranasal inoculation with B.1 (614G), B.1.427 and B.1.429 is similar. A, F, K) histology of
normal lungs from uninfected hamsters. Top row: Histology of B.1 (614G) infection after B) 2 days PI, C) 4 days P, D) 6 days PL, E) 10 days PI. Middle row:
Histology of B.1.427 infection after G) 2 days PI, H) 4 days PI, I) 6 days PI, J) 10 days PI. Bottom row: Histology of B.1.429 infection after L) 2 days PI, M) 4
days PI, inset: and Perivascular cuffing with endothelium of a small vessel lifted off basal lamina by inflammatory infiltrate of lymphocytes and a few
polymorphonuclear leukocytes (PMNs). N) 6 days PI, inset: multinucleate syncytial giant cell in bronchiolar epithelium. O) 10 days PI. Asterisks = mixed
inflammatory infiltrate (lymphocytes, PMNs and macrophages); arrowheads = suppurative bronchiolitis with rupture of bronchiolar wall;

arrows = endothelialitis; circles = foci of type II pneumocyte hyperplasia. Hematoxylin and eosin stain. Original magnification: 100x. Scale bars equal 50 um,
Inset scale bars equal 20 um.

https://doi.org/10.1371/journal.ppat.1009914.g003

Perivascular cuffing, intramural inflammatory cells and endothelialitis (sub-and intra-endo-
thelial inflammatory cell infiltration), was noted in association with all SARS-CoV-2 variants.
As noted above however, the B.1.429 inoculated animals exhibited more widespread and
severe lesions at day 2 PI than B.1 (614G) and B.1.427 inoculated animals.

By day 4 P, in all animals infected with all variants, bronchiolar and alveolar lesions had
progressed to necro-suppurative bronchiolitis with loss of normal alveolar septal architecture
and replacement by hemorrhage, edema, fibrin, necrotic debris, mixed inflammation, and fre-
quent multinucleated syncytial cells (Figs 2, 3C, 3H and 3M), affecting up to 50% of the pulmo-
nary surface area (Fig 2C, 2H and 2M). Perivascular cuffing and endothelialitis remained
prominent features, with mononuclear cells frequently extending from endothelium to adven-
titia in many small arteries (Fig 3, inset). Variable bronchiolar epithelial hyperplasia (charac-
terized by epithelial cell piling up and increased mitotic figures) and scattered type II
pneumocyte hyperplasia were also noted, particularly in those animals inoculated with B.1.429
(Fig 3M).
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In all animals infected with all variants, similar microscopic features, including necrotizing
neutrophilic and histiocytic broncho-interstitial pneumonia with syncytial cells, perivascular
cuffing, and endothelialitis, were observed at day 6 PI (Figs 2, 3D, 3I and 3N). These lesions
affected 25-50% of the pulmonary surface area in examined sections (Fig 2D, 2 and 2N).
Reparative changes, including bronchiolar epithelial hyperplasia and type II pneumocyte
hyperplasia, were also prevalent at day 6 PI (Figs 2, 3D, 3] and 3N).

By day 10 PI, the lung pathology in all animals infected with all variants had dramatically
decreased. In animals inoculated with B.1 (614G) and B.1.427, necrosis, neutrophilic inflam-
mation and vascular lesions appeared largely resolved, with replacement by patchy foci of
mononuclear alveolar septal inflammation with bronchiolar epithelial and type IT pneumocyte
hyperplasia (Figs 2, 3E, 3] and 30). The affected surface area in the lungs of these animals ran-
ged from 2-10% (Fig 2E, 2] and 20). However, the animals inoculated with the B.1.429 variant
exhibited more severe and widespread pulmonary lesions at day 10 PI (Fig 30), with persis-
tence of neutrophilic to histiocytic alveolar septal inflammation with scattered syncytial cells
and occasional endothelialitis as well as reparative changes. The affected surface area ranged
from 15-20% in this group (Fig 20).

Intranasal inoculation of hamsters with B.1.427 results in similar
distribution of virus in lungs compared to ancestral B.1 (614G) SARS-CoV-
2, while B.1.429 infects the lung parenchyma more rapidly

We used in-situ hybridization (ISH) to localize viral RNA (VRNA) to specific structures and cell
types in the lung (Fig 4). The findings were similar in animals infected with either B.1 (614G) or
B.1.427. At day 2 PI, bronchiolar epithelial cells were intensely labelled with infected cells
extending along the entire length of main stem bronchi and smaller airways (Fig 4A and 4E). In
addition, rare focal areas of VRNA positive pneumocytes were found in the lung parenchyma.
At day 4 PIin B.1 (614G) and B.1.427 animals, airway epithelial cells remained intensely
labelled, with many of the infected cells detached from the basal lamina (Fig 4B and 4F). How-
ever, most of the VRNA positive cells at day 4 were now found in the lung parenchyma, with
type I and II pneumocytes and alveolar macrophages strongly positive (Fig 4B and 4F). In con-
trast, in the B.1.429 infected animals intense labeling of VRNA positive cells in the parenchyma
and airways was already present at day 2 PI, and this persisted to day 4 PI (Fig 41 and 4]). Of the
5-6 animals infected with each variant that were necropsied at day 6 PI, one animal from each
group had a few vRNA positive cells in isolated foci in the lung parenchyma. The lungs from
the remaining 4-5 animals in each group were negative (Fig 4C, 4G and 4K). At day 10 PI,
VRNA+ cells were not found in the lungs of any of the animals (Fig 4D, 4H and 4L). Although
B.1.429 disseminated to lung parenchyma more rapidly than B.1.427 or B.1 (614G), all 3 vari-
ants seemed to infect the same populations of cells in the lung: mainly airway epithelial cells and
type I and type II pneumocytes (Fig 4). Alveolar macrophages were also labeled but this was
likely to due to phagocytosis of infected cell debris rather than productive infection.

Intranasal inoculation of hamsters with B.1.429/427 results in similar
sgRNA levels in lung and upper respiratory tract washes but sgRNA levels
in oral swabs from B.1.429 infected animals were higher compared animals
infected with to ancestral B.1 (614G) SARS-CoV-2

In all the SARS-CoV-2 infected hamsters, the levels of sgRNA in daily oral swabs were highest
at 1 or 2 days PI and then declined steadily to day 4 PI. Moreover, using a Kruskal-Wallis test
the mean sgRNA levels were not significantly different in the oral swabs of B.1.429 animals
compared to the B.1.427 or B.1 (614G) animals (Fig 5A). However, pairwise comparisons
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Fig 4. Distribution of SARS-CoV-2 RNA+ cells in lungs of hamsters after intranasal inoculation with B.1 (614G), B.1.427 and B.1.429 by in-situ
hybridization (ISH). Sub-gross histology and magnified regions (inset) of ISH-labeled lung sections from hamsters infected with B.1 (614G) for A) 2 days PI,
B) 4 days PI, C) 6 days PI and D) 10 days PI; or B.1.427 for E) 2 days PI, F) 4 days PI, G) 6 days PI and H) 10 days PI; or B.1.429 for I) 2 days PI, J) 4 days PI, K)
6 days PI and L) 10 days PI. Cells labeled by riboprobe in-situ hybridization stain red. Arrows = labeled bronchial/bronchiolar epithelial cells lining airways;
asterisks = regions of lung parenchyma with labeled alveolar septal cells (type I/II pneumocytes and macrophages). Original magnification: 1x. Scale bars equal
1 mm. Inset scale bars equal 50 um.

https://doi.org/10.1371/journal.ppat.1009914.9004

(Mann-Whitney test) demonstrated that sgRNA levels in oral swabs from B.1.429 animals
were significantly higher at day 1, 2 and 3 PI compared to B.1 (614G) animals. Similarly,
sgRNA levels were significantly higher at day 3 and 4 PI in oral swabs of B.1.429 animals com-
pared to B.1.427 animals. Finally, sg RNA levels were significantly higher at day 1 PI in oral
swabs of B.1.427 animals compared to B.1 (614G) animals.

The levels of sgRNA in URT washes collected at necropsy were highest at day 2 PI but had
declined dramatically by day 10 PI (Fig 5B) in all animals and sgRNA levels were similar in all
hamster groups (Fig 5B). The levels of infectious virus and sgRNA in the lungs of hamsters
inoculated with all 3 viruses were very similar: high at days 2 and 4 PI but undetectable infec-
tious virus and low sgRNA at days 6 and 10 PI (Fig 5C and 5D).
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Fig 5. Viral loads in hamsters after intranasal inoculation with B.1 (614G), B.1.427 or B.1.429. A) sg RNA copies in oral swabs collected daily until day 4 or
necropsy. Mean values of all groups were compared using a Kruskal-Wallis test, and a post-hoc Dunn multiple comparison test was used to compare the mean
values of the B.1.427 (N = 16) or B.1.429 (N = 18) groups individually to the 614G group (N = 16). No significant differences between the groups were found
using this approach. In addition, a Mann Whitney test was used to compare the daily mean sgRNA value of the B.1.429 and B.1.427 groups individually to the
other 2 groups. Significant differences are noted by a line and numerical p value. B) sgRNA copies in upper respiratory tract (URT) washes collected at
necropsy at 2, 4, 6 or days 10 PI. D) sgRNA copies in lungs collected at necropsy at 2, 4, 6 or days 10 PI. D) Infectious virus titers in lungs collected at necropsy
at 2, 4, 6 or 10 days PI. The limit of quantitation for the PCR assay (125 copies per reaction) is indicated by the dotted line. Each dot is the sgRNA level or viral
titer in a sample from one animal.

https://doi.org/10.1371/journal.ppat.1009914.9005

Specific variants predominate in lungs and nasal cavity of hamsters after
intranasal inoculation with a mixture of SARS-CoV-2 variants

To determine if there is a relative fitness advantage among the circulating VOCs, hamsters were
inoculated intranasally with a mixture of viruses and the proportion of each inoculated virus in
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the lungs and nasal cavity was determined. In the first experiment, animals were inoculated
with 5000 PFU of SARS-CoV-2 that was either a 1:1 or 9:1 mixture of B.1 (614G)/B.1.427 based
on PFU. The percentage of B.1 (614G) and B.1.427 genomes in the “1:1” mixture was 62%:37%
and while in the 9:1 mixture contained 84% B.1 genomes and 16% B.1.427 genomes mixtures of
based on The QUILLS strategy described below. In hamsters inoculated with mixtures of 2
viruses, the level of sgRNA in the oral swabs were highest at day 1 then declined until day 4 PI
(S1A Fig) while sgRNA levels in lungs and URT were higher at day 2 PI than day 4 PI (S1B and
S1C Fig). The sgRNA levels in the oral swabs, lungs and URT of hamsters infected with the 2
virus mixtures were very similar to animals inoculated with a single virus (Figs 5 and S1).

To determine if B.1 (614G) or B.1.427 had a competitive advantage over the other, RNA from
the upper respiratory tract washes (Fig 6A) and lungs (Fig 6B) of the animals was sequenced to
determine the proportion of each virus in the sample. In the day 4 URT samples of the 1:1 inocu-
lated animals, B.1.427 made up between 21-53% of the virus population (Fig 6A). In lung samples
of the 1:1 inoculated animals, B.1.427 made up between 46-58% of the virus population at days 2
and 4 PI (Fig 6B). In the lung samples of the 9:1 inoculated animals, B.1.427 made up about 10% of
the virus population in the lungs at day 4 PI (Fig 6B), while in the URT, B.1.427 made up from 8%
to 35% of the virus population at day 2 and 4 PI (Fig 6A). These results suggest that B.1.427 may
have slight replicative advantage in the URT compared to ancestral B.1 (614G). However, there was
no indication that B.1.427 had an enhanced ability to replicate in lungs compared to B.1 (614G).

To simultaneously determine the relative fitness of a larger number of variants, in a third
experiment, 10 animals were inoculated with 5000 PFU of SARS-CoV-2 that was composed of
an equal mixture, based on PFU, of 7 SARS-CoV-2 variants: ancestral B.1 (614G) [16], B.1.427
[5], B.1.429(5], P.1 [17], P.2 [17], B.1.1.7 [18] and B.1.351 [19]. We developed an amplicon
sequencing strategy named QUILLS (QUasispecies Identification of Low-Frequency Lineages
of SARS-CoV-2) to identify relative frequencies of viral variants within a mixed population by
sequencing of key single nucleotide mutations in the spike and orflab genes (see Materials and
Methods). QUILLS analysis of the pure viral stocks used to generate the mixture
revealed > 99.5% of the RNA sequences obtained from the stocks were identical to the pub-
lished sequence of the respective VOC; analysis of mixture showed that each VOC comprised
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Fig 6. The proportion of each virus in hamsters after intranasal inoculation with a 1:1 or 9:1 mixed inoculum of B.1 (614G) and B.1.427; and sgRNA
levels in hamsters inoculated with a mixed inoculum of 7 SARS-CoV-2 variants: B.1 (614G), B.1.427, B.1.427, P.1, P.2, B.1.1.7 and B.1.351. A) proportion
of the vRNA in URT washes collected at necropsy at 2 and 4 days PI that was B.1.427. B) proportion of the VRNA in lung collected at necropsy at 2 and 4 days

PI that was B.1.427.

https://doi.org/10.1371/journal.ppat.1009914.9006
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between 4% and 25% of the RNA in the mixed virus inoculum (Fig 7A), as expected based on
PFU normalization. In the hamsters inoculated with this mixture of 7 viruses, the levels of
sgRNA in the lungs, oropharynx and URT were very high at days 2 and 4 PI (S1 Fig) and were
similar to the levels found in animals inoculated with a single virus (Fig 5).

To determine if one or more of the 7 variants in the inoculum had a competitive advantage
over the others, RNA from the lungs and upper respiratory tract from animals necropsied at
day 2 PI (n =5) and day 4 P (n = 5) was sequenced and the proportion of each virus in the sam-
ples was determined. In the day 2 lung samples, B.1 (614G), P.1 and epsilon (B.1.427/B.1.429)
predominated (mean: 32.8%/range: 0-84%, 38.8%/0-98% and 25.4%/1-45% respectively) with
P.2, and 351 making up less than 2% of the VRNA (Fig 7D). On day 4, the lung vRNA was B.1
(614G): 38.1%/11.2-51%, epsilon (B.1.427/ B.1.429) 38.2%/4-49%, P.1: 21.6%/0.1-47.2%, with
B.1.1.7, P.2 and B.1.351 making up less than 2% of the vVRNA (Fig 7E). Thus, in the lung, B.1
(614G), P1 and epsilon (B.1.427/B.1.429) were the most frequent variants while B.1.1.7,
B.1.351 and P.2 were only found at low levels.

In the day 2 PI URT washes, the vRNA was B.1 (614G): 35%/20-48%, P1: 28%/19.4-57%,
epsilon (B.1.427/ B.1.429): 27.7%/14.1-49.9%, B.1.1.7: 8.8%/2-37.9%, with P2 and 351 making
up less than 1% of the vRNA (Fig 7B). On day 4, the URT vRNA was B.1 (614G): 29.6%/0-
70.2%, P.1: 33%/9.7-60%, epsilon (B.1.427/ B.1.429): 31.9%/14-63.3%, B.1.1.7: 5%/1-13%, with
P.2 and B.1.351 making up less than 1% of the vVRNA (Fig 7C). Thus, in the URT, B.1 (614G),
epsilon (B.1.427/ B.1.429) and P.1 were the most frequent variants, B.1.1.7 was intermediate
and B.1.351 and P.2 were infrequent. These results demonstrate that B.1, P.1 and epsilon
(B.1.427/ B.1.429) have a competitive advantage over the other variants in the lung but that
B.1.1.7 can compete with P.1 and epsilon (B.1.427/B.1.429) in the URT.

Prior Infection with B.1 (614G) protects hamsters from subsequent
challenge with B.1.427/429

To confirm protection from homologous challenge, hamsters were inoculated intranasally
with 5000 PFU B.1 (614G) and then were rechallenged with 5000 PFU B.1 (614G) 21 days later
(Fig 8A); another group of hamsters was infected with B.1.427 and rechallenged with B.1.427
21 days later (Fig 8B). To determine if B.1.427 and B1.429 are susceptible to the immune
responses elicited by prior infection with B.1 (614G), hamsters were inoculated intranasally
with 5000 PFU of B.1 (614G) and then were challenged 21 days later by intranasal inoculation
of 5000 PFU of B1.427 or B1.429. To document infection and to determine the levels of vVRNA
at time of challenge, five animals in each group were necropsied at day 2 and day 21 respec-
tively. Rechallenged animals were necropsied on day 2 days after re-challenge (day 23). Viral
titer and sgRNA levels in lungs were determined for all groups and timepoints (Fig 8).

All animals had high levels of sgRNA and infectious virus in lungs at day 2 PI, but no infec-
tious virus and only very low levels of sgRNA were detected in animals at day 21 PI (Fig 8),
confirming that the animals had been infected by the initial inoculum and then cleared the
infection. Two days after re-challenge (day 23 PI), we could not isolate virus or detect sgRNA
in the lungs of any of the animals (Fig 8). Thus, prior infection with ancestral B.1 (614G) pro-
tects hamsters from challenge 21 days later with either B.1.427 or B.1.429, with protection
defined as no virus replication in lungs.

The efficiency of airborne transmission between hamsters infected with
(B.1.427/429) and B.1 (614G) is similar

To determine if the airborne transmission of B.1.427 and B1.429 between hamsters is more
efficient than B.1 (614G) airborne transmission, four groups of “donor” hamsters were
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Fig 7. Relative levels of SARS-CoV-2 variants in hamsters after intranasal inoculation with a mixed inoculum of 7
SARS-CoV-2 variants: B.1 (614G), B.1.427, B.1.429, P.1, P.2, B.1.1.7 and B.1.351. A) Proportion of each variant RNA in
the total VRNA of each virus stock and the mixed inoculum. B) Frequency of each variant RNA in the total vVRNA found in
the URT washes of hamsters at day 2 P1. C) and day 4 P1. D) Frequency of each variant RNA in the total vRNA found in
the lungs of hamsters at day 2 PI. E) and day 4 PI. In all panels, each dot represents the frequency of that variant in one
sample. Each animal is denoted by a color.

https://doi.org/10.1371/journal.ppat.1009914.9007
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Fig 8. Prior infection with B.1 (614G) protects the lungs of hamsters from subsequent challenge with B.1.427 or
B.1.429. A) sgRNA levels and infectious virus titer in lungs of hamsters infected with B.1 (614G) and necropsied at 2
days (N = 5) and 21 days PI (N = 5), and 5 hamsters that were challenged at day 21 PI with homologous B.1 (614G)
and necropsied at day 23 PI. B) sgRNA levels and infectious virus titer in lungs of hamster infected with B.1.427 and
necropsied at 2 days (N = 5) and 21 days PI (N = 5), and 5 hamsters that were challenged at day 21 PI with homologous
B.1.427 and necropsied at day 23 PI. C) sgRNA levels and infectious virus titer in hamster infected with B.1 (614G) and
necropsied at 2 days (N = 5) and 21 days PI (N = 5), and 5 hamsters that were challenged at day 21 PI with
heterologous B.1.429. D) sgRNA levels and infectious virus titer in hamster infected with B.1 (614G) and necropsied at
2 days (N = 5) and 21 days PI (N = 5), and 5 hamsters that were challenged at day 21 PI with heterologous B.1.427. The
limit of quantitation for the PCR assay (125 copies per reaction) is indicated by the dotted line.

https://doi.org/10.1371/journal.ppat.1009914.9008

inoculated intranasally with 10* PFU of either B.1 (614G) (N = 10), A.1 (WA-1) (N = 10),
B.1.427 (N = 10) or B.1.429 (N =9) (Fig 9). Six to 8 hours after donor inoculation, a naive “sen-
tinel” animal was added to one end of the cage separated from the each donor animal by a bar-
rier that prevents large particles but allows smaller particles to pass between the co-housed
animals [20]. Oral swabs were collected at day 1 PI from donor animals that were necropsied
at Day 7 or 8 PI. Sentinel animals were monitored for virus in oral swabs collected for up to 14
days after exposure. High levels of sgRNA were detected in the oral swabs of all the donor ani-
mals at day 1 P, confirming that they were infected (Fig 9A). It is worth noting that the day 1
PI sgRNA levels in the swabs of B.1.429 infected animals were the highest and the difference
compared to WA-1 infected animals was significant (p = 0.0146 mixed effects analysis and
post hoc test, Fig 9A). Of the ten sentinels exposed to the B.1.427 donors, all 8 were infected by
2 days post-exposure (PE). By comparison, 100% (10/10) of B.1 (614G) sentinels were infected
by 3 days PE and 100% (10/10) of WA-1 sentinels were infected by 5 days PE (Fig 9B). Thus,
B.1.427 was transmitted marginally more rapidly than WA-1 and B.1 (614G). In contrast
among the B.1.429 sentinels, 7 out of 9 (78%) animals were infected by 3 days PE and 8 of 9
(89%) animals were infected by 5 days PE (Fig 9B). Thus, B.1.427 transmits between hamsters
marginally more efficiently than B.1 (614G) and WA-1, while B.1.429 transmits marginally
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Fig 9. Relative efficiency of B.1 (614G), B.1.427 and B.1.429 airborne hamster to hamster transmission.
Experiments were performed in a 1:1 ration in a airborne transmission setup. Nine or 10 independent 1:1 transmission
animal pairs were performed for each of the investigated variants. A) sg RNA levels in oral swabs collected from
donors 1 day after intranasal inoculation. Mean values from all groups were compared by fitting a mixed model, and a
posthoc multiple comparison test was used to compare the mean values of the B.1.429 group to the other 3 groups
individually. B) Percentage of sentinel animals (9 or 10) in each group that are infected each day based on detection of
sgRNA in oral swabs collected at least daily after exposure. A quantitative limit of detection of 10 copies per reaction
was applied to all samples (dotted line).

https://doi.org/10.1371/journal.ppat.1009914.9g009

less efficiently than B.1 (614G) and WA-1. Taken together, these data suggest that airborne
transmission of epsilon (B.1.427/429) and B.1 (614G) between hamsters is similar.

Discussion

The SARS-CoV-2 epsilon variant is comprised of 2 separate lineages, B.1.427 and B.1.429, with
each lineage rising in parallel in California and other western states [5]. The variant is predicted
to have emerged in California in May 2020 and increased in frequency from 0% to >50% from
September 2020 to January 2021. The B.1.427/B.1.429 variant is no longer the predominant cir-
culating variant in California, as it was replaced first by the B.1.1.7 (alpha) variant, which has
since been replaced by the B.1.617.2 (delta) variant. The SARS-CoV-2 B.1.427/B.1.429 (epsilon)
variant has a characteristic triad of spike protein mutations (S131, W152C, and L452R) [5]. Epi-
demiologic and in-vitro studies found that the variant is approximately 20% more transmissible
with 2-fold increased shedding in patients compared to ancestral B.1 (614G) [5] and that the
spike L452R mutation conferring increased the infectivity of pseudoviruses in vitro [5]. It was
not clear if the B.1.427/B.1.429 variants caused more severe disease; however, as the frequency
of infection with the B.1.427/B.1.429 variants increased, the number of cases increased [5], fol-
lowed by an increase in COVID-19 associated hospitalizations and deaths (https://covid19.ca.
gov/state-dashboard/). In this study, we demonstrated that, based on differences in weight loss,
the SARS-CoV-2 epsilon variant (B.1.429 and B.1427) is more virulent than ancestral B.1
(614G) SARS-CoV-2; and B.1.429 is more virulent than B.1.427 in Syrian hamsters. The more
rapid dissemination of virus from the airways to the alveoli in the lungs and higher levels of
virus replication in the oropharynx of B.1.429 infected animals provide a biologically plausible
explanation for the higher virulence of this L452R carrying variant.

The significantly higher sgRNA levels in the oral swabs collected daily over the first 4 days
of B.1.429 infection suggests that this variant has enhanced fitness in the oropharynx of
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hamsters compared to B.1 (614G) or B.1.427. This finding is consistent with the finding that
there is a 2-fold increase in median viral loads in nasal swabs of patients infected with B.1.427/
B.1.429 SARS-CoV-2 (epsilon) compared to patients infected with ancestral B.1 (614G) [5].
However, it is important to note that the levels of sgRNA in the lungs of animals infected with
all three viruses were similar. Although not statistically significant, it should also be noted that
the sgRNA levels in the lungs of B.1.429 infected animals were higher at all time points com-
pared to levels in B.1 and B.1.427 infected animals (Fig 5C). The inability to detect a significant
difference in sgRNA levels in URT washes collected at necropsy is likely due to the fact only
3-5 URT wash samples were collected from each group of hamsters on days 2 and 4 PI, while
16-19 oral swab samples were collected daily from each group of hamsters on days 1-4 PI. The
URT-specific enhanced fitness of B.1.429 could be explained by a higher density of susceptible
and permissive cells for B.1.429 in the URT compared to the lung or by the presence of muta-
tions in B.1.429 that makes it more adapted for replication in the URT. Prior studies have sug-
gested that the L452R mutation may increase infectivity because it stabilizes the interaction
between the spike protein and its human ACE2 receptor [21,22]. In-vitro studies found that
the L452R mutation that defines the epsilon VOC enhances pseudovirus infection of 293T
cells and lung organoids [5]. Our finding in hamsters of higher replication levels of B.1.429 in
the URT, but not the lung, compared to the ancestral B.1 (614G) variant extends these in-vitro
findings to intact animals. Notably, our competition experiments demonstrated that the
L452R containing B.1.427 and B.1.429 variants outcompeted many other variants that do not
contain L452R (B.1.1.7, P.2, B.1.351) in the lungs and URT. The exceptions were B.1 (614G)
and the P1 variant, which replicated to levels that were similar to (epsilon) B.1.427/B.1.429 in
both lungs and URT; and the B.1.1.7 variant that was able to compete with B.1 (614G),
B.1.427/429 and P.1 in the URT but not the lung. Our results are consistent with a previous
report that the B.1.1.7 variant replicates to higher levels in the nose of Syrian hamsters than the
ancestral B.1 variant [23]. Both the P.1 and B.1.1.7 variants carry the N501Y-mutation that
also enhances infectivity in-vitro [22] and this may explain why they can successfully compete
with the L452R variants in the nose of hamsters. It is also possible to conclude from these
results that the relative fitness of different variants depends, at least to some extent, on the ana-
tomic site of the infection.

The QUILLS strategy to identify relative frequencies of viral variants within a mixed popu-
lation by sequencing of key single nucleotide mutations has limitations in that only variants
with known mutations can be identified. All the variants used in the mixed inoculum experi-
ments in this study, have lineage-defining mutations in spike and orflab on the backbone of
ancestral B.1 (614G) and these 6 variants are unambiguously identified in the infected animals
by QUILLS. However, the variant identified as B.1(614G) using QUILLS is an aggregate of all
variants carrying 614G that cannot be otherwise be assigned to one of the other 6 variants in
the inoculum. This would include novel variants arising from the inoculum B.1(614G) and
revertants that may arise in each VOC quasispecies. Because of this, the relative frequency
assigned to the ancestral B.1(614G) is less reliable than the frequencies of the other 6 variants
that are based on positively identified sequences in the samples. Similarly, a single point muta-
tion in orflab, that can arise or revert spontaneously, distinguishes B.1.427 and B.1.429. This
makes it difficult to unambiguously identify B.1.429 and B.1.427 in mixtures and thus we
reported the results as the frequency of the “epsilon”, the aggregate of the B.1.429 and B.1.427
frequencies.

As previously reported with ancestral B.1 and other VOC [13,23,24], in this study intranasal
inoculation of hamsters with the SARS-CoV-2 B.1 (614G) or epsilon variants (B.1.247/
B.1.249) induced progressive moderate to severe broncho-interstitial pneumonia with vasculi-
tis, beginning as early as day 2 PI. By day 10 P, lesions were largely resolved, with only residual
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mononuclear interstitial inflammation and reparative changes. While the pulmonary pathol-
ogy in hamsters largely mirrored that of humans, unlike humans that die of COVID [25-28],
we did not observe thrombosis, microangiopathy or necrotic vessel walls in any of the ham-
sters. However, all hamsters recover from the SARS-CoV-2 infection, and thus do not model
fata COVID disease. This difference makes the comparison of lung pathology of hamsters and
humans imperfect. While the nature and distribution of the lesions were similar with all vari-
ants, by analyzing histologic changes frequently (day 2, 4, 6 and 10 PI), we were able to detect
differences in the timing of the onset and resolution of the lesions in animals infected with dif-
ferent variants. Although we did find that hamsters infected with B.1(614G) and B.1.427
tended to have more severe vascular changes than animals infected with B.1.429, this increased
vascular disease was not associated with more weight loss or higher levels of viral replication
and may be an incidental finding. We show here that studies employing sequential analysis of
pathologic changes in larger numbers of inoculated hamsters can detect differences in the time
course of disease between SARS-CoV variants. Studies that examine one or two timepoints PI
are less likely to be informative. In fact, although a study comparing B.1.1.7 and B.1.351 infec-
tion in female Syrian hamsters found no major differences in lung histology, only one time
point after infection, day 4 PI, was examined [24]. Even at this single time point however, com-
pared to ancestral B.1 variants, the proinflammatory cytokine response was more intense in
lungs of B.1.1.7 infected hamsters [24]. This discordance between the relative intensity of
inflammation and the relative levels of inflammatory mediators reported demonstrates that
sequential examination of both parameters is needed to determine how the lung inflammatory
cell infiltrates drive the differential expression of inflammatory cytokines.

The ISH results demonstrated that B.1.427 and B.1 (614G) SARS-CoV-2 variants dissemi-
nate from the airways to the lung parenchyma at between days 2 and 4 PI, at least 24 hours
after B.1.429 has begun replicating in alveoli. The faster observed dissemination of virus to
alveoli in B.1.429 is consistent with the more rapid onset of histologic changes in the lung. The
combination of ISH and histopathologic examination of lungs collected at frequent intervals
post-inoculation seems to be a good strategy to detect differences in SARS-CoV-2 VOCs
virulence.

An ongoing concern is the extent to which newly emerging variants can evade preexisting
immunity that was generated from infections with ancestral SARS-CoV-2 variants. These con-
cerns have been validated by the P.1 epidemics in Manaus, Brazil that occurred despite sero-
positivity rates of up to 76% prior to P.1 emergence [17]. The result of our serial infection
experiments clearly demonstrate that immune responses present 21 days after primary infec-
tion by ancestral B.1 (614G) infection protect hamsters from challenge with both epsilon vari-
ants (B.1.427/B.1.429). In fact, we were unable to detect any virus replication, or infectious
virus, in the lungs of any of the previously infected hamsters 2 days after the heterologous chal-
lenge. Thus, the immunity induced by the prior B.1 (614G) infection completely protected the
lung from the epsilon infections and thus the animal from significant disease. Similarly, strong
protection is found in hamsters infected with B.1 and rechallenged with B.1.1.7 [23]. We did
not however assess the levels of virus replication in the URT after heterologous challenge, thus
the degree to which prior infection affects replication in the URT, and therefore transmission
between hamsters, is unknown. In addition, as the rechallenge occurred at day 21 PI, mature
antiviral immune responses are expected to be present in blood and secretions [12,15] and
these are associated with protection from re-challenge [14,23,29-31]. However, in the present
study we did not make any attempt to identify the immune mechanism associated with the
heterologous protection. Future studies should address this limitation by quantifying homolo-
gous and heterologous binding and neutralizing antibody and T cell responses and undertak-
ing passive transfer and T cell depletion experiments to define the mechanisms of protection.
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Epidemiologic studies led to the estimate that the epsilon (B.1.427/B.1.429) variant is 20%
more transmissible than the ancestral B.1 (614G) and this was attributed to higher viral loads
in the URT [5]. However, the hamster transmission studies reported here failed to show a con-
sistent or large difference in transmission efficiency, between the epsilon (B.1.427/ B.1.429)
variant and the ancestral B.1 (614G) variant, despite the higher viral load in the URT of
B.1.429 infected hamsters. The inability to model increased airborne transmission of the epsi-
lon (B.1.427/ B.1.429) variant was likely due to a combination of the experimental design and
the relatively small differences in human transmission efficiency between B.1 (614G) and epsi-
lon (B.1.427/B.1.429). Differences in hamster transmission would likely be apparent with a var-
iant that was at least 50% more transmissible than the ancestral variant and/or if the sentinel
animals were exposed to donor animals when virus shedding is no longer at its peak, 2-3 days
after they were inoculated. This may detect differences in transmission based on duration of
URT shedding, while the 24 hour PI donor exposure approach attempts to detect differences
due to the levels of URT shedding at the peak of virus replication.

As novel SARS-CoV-2 variants continue to emerge, it is critical that their pathogenic poten-
tial be rapidly assessed in animal models. We found that the Syrian hamster model was useful
to detect differences in virulence of ancestral B.1 and the B.1.427 and B.1.429 epsilon VOCs by
comparing body weight changes over 10 days. The timing and severity of lung pathology also
distinguished the variants and correlated with the timing of virus dissemination into deep lung
tissues based on ISH labelling. Further, the multi-virus in-vivo competition experiments pro-
vided insight into the relative fitness of the different SARS-CoV-2 variants and revealed that
the anatomic site (lung vs URT) can affect the relative fitness of the variants. Clinical and epi-
demiologic studies are needed to confirm that the increased virulence and high relative fitness
of the epsilon (B.1.427/B.1.429) variant in Syrian hamsters is mirrored in human infections.

Materials and methods
Ethics statement

Approval of all animal experiments was obtained from the Institutional Animal Care and Use
Committee of UC Davis (Protocol # 22233), UC Berkeley (Protocol # 2020-04-13242), or the
Rocky Mountain Laboratories (RML) (Protocol# 2020-049E). The hamster experiments at all
3 laboratories were performed following the guidelines and basic principles in the United
States Public Health Service Policy on Humane Care and Use of Laboratory Animals and the
Guide for the Care and Use of Laboratory Animals. The work with infectious SARS-CoV-2
variants under BSL3 conditions was approved by the Institutional Biosafety Committees at all
3 institutions.

Hamsters

The male and female Syrian Hamsters used at UCD and UCB were 7-9 weeks old, and they
were purchased from Charles River Inc. The male and female Syrian Hamsters used for the air-
borne transmission experiments at RML were 4-6 weeks old, and they were purchased from
ENVIGO Inc. Inactivation and removal of samples from high containment was performed per
IBC-approved standard operating procedures.

Viruses and cells

SARS-CoV-2 variant variants ancestral B.1 (614G), B.1.427, B.1.429, B.1.1.7 were isolated from
patient swabs by CDPH, Richmond CA, and P.2 and 351 were isolated from patient swabs at
Stanford University, Stanford CA, USA. The “ancestral B.1 (614G)” SARS-CoV-2 variant had
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no defining mutations other than the B.1 (614G) mutation in spike. The P.1 variant was
expanded by CDPH from a sample originally obtained from BEI Resources to produce the Pla
stock. SARS-CoV-2 variant nCoV-WA1-2020 (lineage A) was provided by CDC, Atlanta,
USA. Virus propagation was performed in Vero-86 cells in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 5% fetal bovine serum (FBS), 2 mM L-glutamine, 100
U/mL penicillin and 100 g/mL streptomycin. No contaminants were detected in any of the
virus stocks except in the P.1 stock in which mycoplasma was detected. There is no indication
that this contamination affected the experimental outcomes. All virus stocks except Pla were
the second passage of the patient isolate on Vero cells, the original isolation being the first pas-
sage on Vero cells. The virus stocks were deep sequenced and the RNA sequences of all the
virus stocks used were 100% identical to the corresponding variant sequences deposited in
GenBank.

Hamster inoculations

For experimental inoculations, 7-9 week old Syrian hamsters (Charles River) were infected
intranasally with a total dose of approximately 5000 PFU of SARS-CoV-2 suspended in 50pL
sterile DMEM. This virus dose was chosen as it reliably infected hamsters in a series of prelimi-
nary experiments at UCD and UCB. For experiments in which mixtures of viruses were used,
the dose of all variants was approximately equal (< 10-fold difference) and the total virus dose
was approximately 5000 PFU. The airborne transmission experiments are described below.

Infectious virus titer determination by TCID5, assay

Virus titer in lung was determined by a TCID5, assay in Vero E6 cells. Briefly, 10,000 cells per
well were plated in 96-well plates and cultured for 24 hours at 37°C/5% CO,. Lung tissue col-
lected from hamsters was weighed and homogenized by bead beating. Homogenates were
serial 10-fold diluted in Vero E6 growth medium and added to Vero E6 cells. Cells were
observed for cytopathic effect for 5 days. TCIDs results were calculated using the Spearman
and Kérber method (LOD 200 TCIDsp/mL) and normalized by lung tissue mass.

qPCR for sub-genomic RNA quantitation

Quantitative real-time PCR assays were developed for detection of full-length genomic vVRNA
(gRNA), sub-genomic VRNA (sgRNA), and total VRNA. Upper respiratory tract washes and
oral swabs were lysed in Trizol LS in BSL-3 and RNA was extracted from the aqueous phase in
BSL-2. RNeasy mini kits (Qiagen) were used to purify the extracted RNA. Following DNAse
treatment (ezDNAse; Invitrogen), complementary DNA was generated using superscript IV
reverse transcriptase (ThermoFisher) in the presence of RNAseOUT (Invitrogen). A portion
of this reaction was mixed with QuantiTect Probe PCR master mix and optimized concentra-
tions of gene specific primers. All reactions were run on a Quantstudio 12K Flex real-time
cycler (Applied Biosystems). sgRNA was quantified using primers sgLeadSARSCoV2_F
(CGATCTCTTGTAGATCTGTTCTC) and wtN_R4 (GGTGAACCAAGACGCAGTAT),
with probe wtN_P4 (/56-FAM/TAACCAGAA/ZEN/TGGAGAACGCAGTGGG/3IABKFQ/).
Standard curves generated from PCR amplicons of the qPCR targets were used to establish
line equations to determine RNA copies/mL of sample.

Histopathology

At necropsy, lung was inflated with 10% buffered formalin (Thermo Fisher) and hamster tis-
sues were fixed for 48 hours at room temperature in a 10-fold volume of 10% buffered
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formalin. Tissues were embedded in paraffin, thin-sectioned (4um) and stained routinely with
hematoxylin and eosin (H&E). H&E slides were scanned to 40x magnification by whole-slide
image technique using an Aperio slide scanner with a magnification doubler and a resolution
of 0.25 pm/pixel. Image files were uploaded on a Leica hosted web-based site and a board certi-
fied veterinary anatomic pathologist blindly evaluated sections for SARS-CoV-2 induced histo-
logic lesions. For semi-quantitative assessment of lung inflammation, the pathologist
estimated the area of inflamed tissue (visible to the naked eye at subgross magnification) as a
percentage of the total surface area of the lung section. Each section of lung was further scored
as described in S1 Table. For all categories, the scores for healthy normal hamsters were set at
zero.

In situ hybridization (ISH)

ISH was performed according to the manufacturer’s (ACD Inc) protocol (Document Number
322452-USM and 322360-USM, ACD) with modifications. Briefly, we used 2.5 HD Red Detec-
tion Kit (ACD) and Probe—V-nCoV2019-S (cat# 848561, ACD) in the ISH assay. At each run
of the ISH, a Negative Control Probe-DapB (cat# 310043) and tissues from a SARS-CoV-2
uninfected animal hybridized with the SARS-CoV-2 probes served as negative controls. Probe
—Mau-Ppib (cat# 890851, ACD) was used as a positive control for RNA quality and constancy
of the ISH assay. Four-micron deparaffinized paraffin sections were pretreated with 1x Target
Retrieval Buffer at 100°C for 15 minutes and Protease Plus (ACD) at 40°C for 30 minutes
before hybridization at 40°C for 2 hours. A cascade of signal amplification was carried out
after hybridization. The signal was detected using a Fast Red solution for 10 minutes at room
temperature. Slides were counterstained with hematoxylin, dehydrated, cover-slipped, and
visualized by using a bright field microscope.

Virus whole genome sequencing and Quasispecies identification of low-
frequency lineages of SARS-CoV-2 (QUILLS)

Our whole genome sequencing strategy has been previously described [32]. To identify all of
the major circulating variants of concern (VOCs) and variants of interest (VOIs) on the basis
of lineage-defining mutations in the SARS-CoV-2 spike and orflb genes, we designed an
amplicon strategy named QUILLS (QUeasispecies Identification of Low-Frequency Lineages of
SARS-CoV2) by (S1 Fig). Five pairs of forward and reverse primers (52 Table, “QUILLS
primer set”) were designed to span the nucleotide sites associated with the spike S13, W152,
K417, 1452, E484, N501, A570, D614, H665, P681, T1027, and V1176 and orflb P976 and
D1183 positions. Thus, these primers were designed to target mutations that would be able to
discriminate between all VOCs and nearly all VOIs in a mixed population.

Briefly, extracted RNA was diluted 1:3, and 7 microliters of diluted material were used for
first strand cDNA synthesis using ProtoScript II First Strand cDNA Synthesis Kit (New
England Biolabs #E6560) with random hexamers and following manufacturer’s instructions.
PCR amplification was performed using the QUILLS primer set and Q5 High-Fidelity DNA
Polymerase (NEB #M0491) as follows: 15.4 pl of water, 5 ul of Q5 reaction buffer, 0.5 pl of
dNTPS (NEB N04478S), 0.25 pl of enzyme and 1.35 pl of primer for each pool (pool 1 and pool
2). Reactions were incubated at 98°C for 30s, 35 cycles of 98°C for 15s and 65°C for 5m, 4°C
until use. Amplification product was bead washed with .8X CleanNGS Beads (CNGS-0500),
DNA concentration was measured with qubit and all samples were normalized to 60 ng to
avoid contamination. Libraries were prepared using Ultra I DNA Library Prep Kit for Illu-
mina (NEB #E7645L) following manufacturer’s instructions and NEB Next Multiplex Oligos
for llumina (96 Index Primers, NEB #E6609) for multiplexing. Final concentration was
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measured with qubit and final libraries were pooled for sequencing in a concentration between
20 and 40 ng. Final pool was diluted to 6.5 picomolar and spiked with 10% PhiX. MiSeq
Reagent Kit v2 (300-cycles single-end) was used for sequencing on the Illumina MiSeq (Illu-
mina MS-102-2002) following manufacturer’s specifications.

Raw FASTQ sequences were preprocessed using an in-house computational pipeline that is
part of the SURPI software package [33,34]. The preprocessing step consisted of trimming
low-quality and adapter sequences using cutadapt [35], retaining reads of trimmed length >75
bp, and then removing low-complexity sequences using the DUST algorithm in PrinSeq [36].
After filtering the preprocessed dataset for SARS-CoV-2-specific viral reads using the nucleo-
tide BLAST algorithm with an e-value threshold cutoff of 10~%, lineage-specific mutation single
nucleotide polymorphisms (SNPs) were identified and counted using a custom in-house
computational script. The relative proportions of each SARS-CoV-2 variant in the mixture
were estimated by manual analysis of the mutational frequencies at each of the lineage-defin-
ing SNPs.

Airborne transmission experiments

The airborne transmission experiments were performed at the Rocky Mountain Laboratories,
NIAID, NIH as previously described [37]. Hamsters were co-housed (1:1) in specially designed
cages with a perforated plastic divider dividing the living space in half, preventing direct con-
tact between animals and movement of bedding material (alpha-dri bedding). Donor hamsters
were infected intranasally with 10* PFU of the different SARS-CoV-2 variants. This virus dose
was chosen because it has been used with success in previously published studies [37]. Sentinel
hamsters were placed on the other side of a divider 6-8 hours later. Sentinel hamsters received
an oropharyngeal swab on 16 hours post exposure (PE), 24 hours PE, 2, 3, 5, 7, 10, and 14 days
PE. Donors received an oropharyngeal swab 1 day post inoculation. Donors were euthanized
at 7 or 8 days PI, sentinels were followed until 14 DPE. Experiments were performed with
cages placed into a standard rodent cage rack, under normal airflow conditions. Sentinels were
placed downstream of air flow.

Hamsters were weighed daily, and oropharyngeal (OP) swabs were taken daily until day 7
and then thrice a week. OP swabs were collected in 1 mL DMEM with 200 U/mL penicillin
and 200 pg/mL streptomycin. Then, 140 uL was utilized for RNA extraction using the QIlAamp
Viral RNA Kit (Qiagen) using QIAcube HT automated system (Qiagen) according to the man-
ufacturer’s instructions with an elution volume of 150 pL. Sub-genomic (sg) viral RNA and
genomic (g) was detected by qRT-PCR [38,39]. Five uL RNA was tested with TaqgMan Fast
Virus One-Step Master Mix (Applied Biosystems) using QuantStudio 6 Flex Real-Time PCR
System (Applied Biosystems) according to instructions of the manufacturer. Ten-fold dilutions
of SARS-CoV-2 standards with known copy numbers were used to construct a standard curve
and calculate copy numbers/ml.

Statistical analysis

Mean values from 3 groups were compared using a non-parametric Kruskal-Wallis test. A
post-hoc Dunn multiple comparison test was used to compare the mean values of the B.1.427
or B.1.429 groups individually to the other groups (Figs 1A and 5A). In addition, a Mann
Whitney test was used to compare the daily mean sgRNA value of the B.1.429 and B.1.427
groups individually (pairwise) to the other 2 groups (Fig 5A). For all analyses, differences with
a p value < 0.5 were considered significant. Graph Pad Prism 9.3.1 (San Diego, CA) installed
on a MacBook Pro (Cupertino, CA) running Mac OS Monterey Version 12.1 was used for the
analysis.
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