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The emergence of SARS-CoV-2 variants complicates efforts to control the COVID-
19 pandemic. Increasing genomic surveillance of SARS-CoV-2 is imperative for early
detection of emerging variants, to trace the movement of variants, and to monitor
effectiveness of countermeasures. Additionally, determining the amount of viable virus
present in clinical samples is helpful to better understand the impact these variants
have on viral shedding. In this study, we analyzed nasal swab samples collected
between March 2020 and early November 2021 from a cohort of United States
(U.S.) military personnel and healthcare system beneficiaries stationed worldwide as
a part of the Defense Health Agency’s (DHA) Global Emerging Infections Surveillance
(GEIS) program. SARS-CoV-2 quantitative real time reverse-transcription PCR (QRT-PCR)
positive samples were characterized by next-generation sequencing and a subset was
analyzed for isolation and quantification of viable virus. Not surprisingly, we found that
the Delta variant is the predominant strain circulating among U.S. military personnel
beginning in July 2021 and primarily represents cases of vaccine breakthrough infections
(VBIs). Among VBIs, we found a 50-fold increase in viable virus in nasal swab samples
from Delta variant cases when compared to cases involving other variants. Notably, we
found a 40-fold increase in viable virus in nasal swab samples from VBIs involving Delta as
compared to unvaccinated personnel infected with other variants prior to the availability
of approved vaccines. This study provides important insight about the genomic and
virological characterization of SARS-CoV-2 isolates from a unique study population with
a global presence.
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IMPACT

The COVID-19 pandemic is currently a leading cause of
death globally and new SARS-CoV-2 variants continue to
emerge. Genomic surveillance of variants is necessary to
characterize mutations that could affect transmissibility and
spread, antigenicity or virulence. Furthermore, wet lab studies
are necessary to evaluate how genetic differences may affect
viral fitness and transmissibility. The Delta variant is currently
the predominant strain globally and determining factors that
drive its ability to spread rapidly is important. In this study, we
characterized SARS-CoV-2 positive samples from U.S. military
personnel and their beneficiaries by next-generation sequencing
and isolation of viable virus. Consistent with other studies,
we found higher levels of infectious virus from Delta samples
when compared to non-Delta infections. Strikingly, we found
the difference in titer between Delta and other strains to be so
profound as to be unaffected by vaccination status, suggesting
that increased transmissibility of the Delta variant is in part due
to higher amounts of virus shedding. This helps explain the
rapid spread of the Delta variant and provides the impetus to
increase control measures such as vaccination, boosters, masking
and distancing requirements. It will be necessary to continue
genomic and virological characterization of new variants, such
as Omicron.

INTRODUCTION

The emergence of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), the causative agent of coronavirus disease 2019
(COVID-19), has led to a historic global pandemic. Multiple
SARS-CoV-2 genetic variants are circulating globally, some of
which have mutations of concern or mutations of interest
that could impact transmissibility and spread, antigenicity or
virulence (1). The World Health Organization (WHO) classifies
many of these as variants of concern (VOC) or variants of
interest (VOI) based on mutations that may impact SARS-
CoV-2 countermeasures, including vaccines, therapeutics, and
diagnostics. Current VOC as defined by the WHO include
B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta),
and most recently, B.1.1.529 (Omicron), which was designated
as a VOC on 26 November 2021. The Alpha variant was
initially detected in the United Kingdom at the end of 2020
and remained as the dominant strain globally until May 2021
(2). The Delta variant was first detected in India and became
a VOI in April 2021 and a VOC in May 2021 when it became
the dominant strain identified worldwide (3). The Delta variant
is estimated to be more transmissible than the Alpha variant,
is less sensitive to neutralizing antibodies, and causes increased
hospitalization rates mainly in unvaccinated individuals (4-6).
There are currently multiple vaccines in use either with FDA
approval or emergency use authorization (EUA) that have shown
efficacy, however vaccine breakthrough infections (VBIs) do
occur and may increase with the emergence of novel variants (7).

Quantitative real time reverse-transcription PCR (qRT-PCR)
is the benchmark method for COVID-19 diagnosis, but an
important limitation of this approach is the assay only detects

RNA and does not detect infectious virus. This can be
problematic since several studies have described the persistence
of SARS-CoV-2 RNA within different body sites (8-10) and viral
RNA levels as a measurement of viral load does not always
correlate to the amount of viable virus in a given sample.
Quantitative assays that measure replication competent virus
are important for determining infectious viral titers in clinical
samples, which is critical to informing infection prevention and
control guidelines for current and future SARS-CoV-2 variants.

Detection of infectious virus is determined by in vitro viral
culture on susceptible cell lines. However, the ability of viral
culture methods to provide insight on infectious shedding is
hampered by the fact that this method is labor-intensive and
requires biosafety level 3 (BSL-3) facilities for SARS-CoV-2.
There are also assay variables such as the cell line and methods
used to quantify the amount of virus. Vero cells and their
subclones or derivatives are commonly used to culture SARS-
CoV-2 and Vero E6 cells expressing human transmembrane
serine protease 2 (TMPRSS2) have demonstrated enhanced
susceptibility and isolation of SARS-CoV-2 (11). Plaque or
median tissue culture infectious dose (TCIDsp) assays are
commonly used to quantify viable virus, but new methods have
been described like the S-Fuse assay that uses a cell reporter
system and is based on the detection of GFP positive syncytia
formation between infected and neighboring cells (12).

While some studies have described the amount of viable
virus shed by individuals infected with the various SARS-CoV-2
variants (12-14), more studies are needed to better characterize
infectious virus levels in vaccinated and unvaccinated
individuals. This is especially important because each study
uses different methods and focuses on different populations of
individuals from different geographic locations. In this study,
we analyzed nasal swab samples collected between March
2020 and early November 2021 from a cohort of U.S. military
personnel and beneficiaries stationed worldwide as a part of the
DHA’s GEIS program. SARS-CoV-2 qRT-PCR positive samples
were characterized by next-generation sequencing and a subset
was analyzed for isolation and quantification of viable virus.
Following the EUA approval of the COVID-19 vaccines, samples
were collected from vaccinated individuals to characterize
VBIs. This study provides unique insight about the genomic
and virological characteristics of SARS-CoV-2 isolates from a
generally healthy population with a global presence that spans
from the beginning of the pandemic to early November 2021.

METHODS
Genome Sequencing

Viral genome sequencing was conducted on the Illumina MiSeq
platform using the ARTIC nCoV-2019 Sequencing protocol (15)
and the YouSeq SARS-CoV-2 Coronavirus NGS Library prep kit
(YouSeq). Approximately 100 ng of RNA was reverse-transcribed
as in the protocol, however the YouSeq reverse transcriptase was
replaced with SuperScript IV (ThermoFisher Scientific). cDNA
was amplified using multiplex PCR and either the associated
ARTIC primer pools or YouSeq primer pools. Libraries prepared
via the ARTIC protocol were cleaned using 1 x AMPure XP beads
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(Beckman Coulter) and re-suspended in nuclease free molecular
grade water. The samples were then processed following the
QiaSeq FX protocol (Qiagen) and libraries were completed.
Libraries were quality-checked using an Agilent Bioanalyzer High
sensitivity kit (Agilent) and quantified using the Qubit DNA High
Sensitivity assay (ThermoFisher Scientific) prior to sequencing
using Illumina MiSeq v3 2 x 300 chemistry (Illumina).

Bioinformatic Analyses

Viral Amplicon Illumina Workflow (VAIW) was used to collate
SARS-CoV-2 consensus genomes (16). Briefly, Illumina reads
were quality trimmed and filtered to >Q20 and minimum
length of 50 bp using bbmap (17). Paired reads were merged
using bbmerge with default settings (18). Trimmed, filtered, and
merged reads were aligned to the Wuhan reference genome
(NCBI GenBank accession NC_045512.2/MN908947.3) using
bbmap with local alignment and maximum insertion/deletion
of 500 bp (17). Primers were trimmed from sequences using
align_trim from ARTIC workflow/pipeline (19). Once a high
quality consensus genome was obtained, Single Nucleotide
Variants (SNVs) were determined using SAMtools mpileup (20)
and iVar (Intrahost variant analysis of replicates) (21) using
a minimum frequency of 0.3 and a minimum read depth of
10 (22). Katoh et al. (23), Minh et al. (24), and FigTree v1. 4
[Internet] (25). Lineage information was derived using Pangolin
(Phylogenetic Assignment of Named Global Outbreak LINeages,
v3.1.16; github.com/hCoV_2019/pangolin) (26).

Virus Culture

Patient samples were cultured for SARS-CoV-2 using a standard
plaque assay on Vero E6 cells expressing TMPRSS2 [4] in
six-well plates and a cytopathic effect (CPE) assay on Vero
E6/TMPRSS2 cells in T25 cm? flasks. For the plaque assay,
duplicate wells were infected with 0.2 mL aliquots from serial 10-
fold dilutions in Minimum Essential Medium (MEM) followed
by a 1h incubation at 37°C, 5% CO; to allow virus adsorption to
occur. After incubation, cells were overlaid with MEM containing
0.5% agar supplemented with 5% heat-inactivated FBS, 1%
Penicillin/Streptomycin and incubated for 48h at 37°C, 5%
CO;. Cells were fixed in 10% formalin prior to staining with
crystal violet. For the CPE assay, cells were seeded in T25
cm? flasks and each flask was infected with 0.5mL aliquots
from a 1:10 dilution in Dulbecco’s Modified Eagle Medium
(DMEM) followed by a 1h incubation at 37°C, 5% CO,.
After incubation, 5mL of DMEM supplemented with 5% heat-
inactivated FBS, 1% Penicillin/Streptomycin was incubated for
4 days at 37°C, 5% CO,. CPE was monitored daily. After 4
days, supernatant was passed onto fresh cells to allow additional
time to amplify. The presence of SARS-CoV-2 was confirmed
by lateral flow immunoassay using the Quidel Sofia 2 analyzer
and/or qRT-PCR.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism.
Tukey’s multiple comparisons test was used to compare
the amount of viable virus between the unvaccinated and
vaccinated groups.

RESULTS

We have sequenced over 2,300 nasal swab samples collected
from March 2020 until early November 2021 and of those,
we produced 1,304 coding complete genomes for which
we then determined the Pango lineages (Figurel and
Supplementary Table 1). Smaller numbers of samples were
received early in the pandemic compared to after the variants
began to emerge when there was more impetus to sequence
a greater number of samples. The first samples sequenced in
March and April 2020 were similar to strains at the root of
the pandemic (lineage A and sublineages) and are classified as
A1, A3 etc., collectively designated as Pango lineage “other”
in Figures 1A,C. The “other” category also contains B lineages
and was used for any lineage with 12 or less representatives.
The large European lineage B.1 was detected in six samples in
April 2020. In February 2021, there was a strong commitment
within the DoD to sequence a greater number of samples
with the rationale that it is important to continually perform
genomic surveillance of the SARS-CoV-2 genome for early
detection of emerging variants and to monitor variant cases
in several geographic locations. The VOC B.1.1.7 (Alpha) was
the predominant strain detected between February and June
2021. Many military personnel were considered fully vaccinated
during this same timeframe and some of these samples represent
cases of VBI. The former VOC, B.1.526 (Iota), which is a lineage
predominantly circulating in New York, was detected from
March to June 2021 in 29 samples. The VOC, B.1.617.2 (Delta)
was first detected in May 2021 in one sample collected from
Portsmouth, Virginia. An increasing number of B.1.617.2 (Delta)
was detected starting in June 2021 and by July 2021 was the
dominant variant detected in all samples received. Multiple
sublineages of B.1.617.2 were detected which increased over
time (Figures 1B,D). The “other” category for Figures 1B,D
was used for any sublineage with 5 or less representatives. The
Omicron variant was not detected during the timeframe of our
current study.

A subset of samples were selected to determine if viable
virus was present where we compared viral titers in samples
collected from unvaccinated individuals and cases of VBI
(Figure 2). A summary of the results broken down by Pango
lineage is shown in Tables 1, 2 for unvaccinated and vaccinated
individuals, respectively. We detected viable virus in 25 samples
received from unvaccinated personnel collected between March
2020 and January 2021, which is prior to the emergence of
VOCs. The mean amount of virus detected in unvaccinated
personnel was 3.2 logjp PFU/mL, which is similar to the
amount of virus detected from VBIs associated with all variants
except for Delta (3.1 log;p PFU/mL). Significantly more virus
was detected in VBIs associated with the Delta variant when
compared to unvaccinated personnel. The mean amount of
virus detected in VBIs associated with the Delta variant was
4.6 logip PFU/mL, which was statistically significant by Tukey’s
multiple comparisons test (p = 0.0001) when compared to the
amount of virus detected in unvaccinated personnel prior to the
emergence of VOCs. In contrast to the unvaccinated samples,
almost all the VBI samples associated with the Delta variant
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FIGURE 1 | Pango lineages of circulating SARS-CoV-2 strains in the U.S. military before and after implementation of the EUA vaccines. (A) Distribution of Pango
lineages by month for all samples, (B) distribution of Delta variant sublineages by month, (C) stacked chart displaying all lineages per month, and (D) stacked chart
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FIGURE 2 | Infectious virus titers in unvaccinated and vaccinated personnel.
(A) Viral titers in nasal swabs determined by standard plaque assay, (B) viral
titers broken down by vaccine type. Error bars represent the standard
deviation, and the dashed line represents the detection limit of the plaque
assay. Symbols below this line were negative by the plaque assay, but positive
by the CPE assay. Asterisks indicate statistical significance determined by
Tukey’s multiple comparisons test.

had detectable virus that was above the level of detection for
the plaque assay and one sample had a titer as high as 7 logj
PFU/mL. Samples from unvaccinated personnel infected with
the Delta variant were not available for this study since the
majority of military personnel were fully vaccinated when the
Delta variant became the predominant strain. The amount of
virus detected in VBIs associated with the Delta variant compared
to VBIs with other variants was also statistically significant
by Tukey’s multiple comparisons test (p = 0.0132) although
with less power because of the low number of VBI samples
associated with other variants. The results are further broken
down by vaccine manufacturer (Figure 2B) where we continued
to observe a statistically significant difference in viral titers
for unvaccinated individuals with non-Delta variants compared
to samples from VBI associated with the Delta variant from
individuals that received the Pfizer (p = 0.0106) and Johnson
& Johnson (p = 0.0427) vaccines. Interestingly, VBI associated
with the Delta variant that received the Moderna vaccine was
not statistically significant when compared to the unvaccinated
group. This may be a reflection of the limited number of samples
in our analyses.
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TABLE 1 | Summary of viable virus detection in nasal swab samples from
unvaccinated individuals broken down by Pango lineage.

Pango lineage Number of Range of viable virus
samples (mean); PFU/mL (log1o)

B.1.2 1 3.0

B.1 18 1.4-5.9 (4.9)

B.1.1.9 1.4-3.7 (3.3)

B.6 2 2.8-2.9 (2.85)

TABLE 2 | Summary of viable virus detection in nasal swab samples from
vaccinated individuals broken down by Pango lineage.

Pango Number of Range of days Range of viable Vaccine
lineage samples since considered virus (mean); manufacturer
fully vaccinated PFU/mL (logo)
(mean)

B.1.2 2 13-29 (21) 3.0-3.4(3.2)  Pfizer (2),
Moderna (0),
J&J (0)

B.1.351.5 4 24-38 (30) 1.4-4.3(4.0)  Pfizer (1),

(Beta) Moderna (0),
J&J (3)

B.1 1 18 1.4 Pfizer (0),
Moderna (0),
J&J (1)

B.1.525 1 31 3.7 Pfizer (0),
Moderna (0),
J&J (1)

B.1.617.2 47 34-193 (120) 1.4-7.0(5.8) Pfizer (24),

(Delta) Moderna (19),
J&J (4)

The Delta variant displaced the Alpha variant and was identified
as the predominant strain in military personnel starting in July
2021. Currently, multiple sublineages of B.1.617.2 continue to be
identified. A greater proportion of the VBI cases in our dataset
have been associated with the Delta variant, commensurate with
its current preponderance in the population at this point in time.
We quantified the amount of viable virus in a subset of samples,
and our results suggest that the increased transmissibility of the
Delta variant is in part due to higher amounts of virus shedding.
We detected 50-fold more infectious virus in VBIs involving
Delta compared to VBIs with other variants. We also detected
40-fold more infectious virus in VBIs involving Delta compared
to unvaccinated personnel infected with non-Delta variants.

Our results are similar to what has been reported for the rest
of the population in the U.S. where the Delta variant is currently
the predominant strain and is more than twice as infectious as
previous strains. The improved viral fitness of the Delta variant
has been associated with mutations in the furin cleavage site
that allow the virus to enter cells more efficiently (27, 28). Most
research has focused on analyzing mutations in the spike (S)

protein to better understand viral fitness of emerging SARS-CoV-
2 variants. However, a recent study found that four mutations in
the nucleocapsid (N) protein, which is an important protein for
viral replication, improve the viruses’ ability to form infectious
particles (29). These four mutations in N, which are universally
found in more transmissible SARS-CoV-2 variants, increased
mRNA delivery and expression and two of the mutations (S202R
and R203M) produced more infectious virus (29). Interestingly,
the Delta variant contains the R203M mutation and the Omicron
variant contains the R203K mutation, which provide a possible
explanation for the increased fitness of these variants. This is
consistent with other studies that found that samples from people
infected with the Delta variant have higher viral RNA levels and
an increased duration of viral shedding compared to samples
collected from people infected with other variants (14, 30-32).
Furthermore, the levels of viral RNA from infected individuals
have been shown to be similar for vaccinated and unvaccinated
individuals (14, 33). More studies are needed to determine the
level and duration of viral shedding with the newly emerging
Omicron variant.

Numerous studies measure viral load by the amount of viral
RNA in a clinical sample, but do not determine the amount of
viable virus. This is likely due to the cumbersome nature of the
assays used to quantify levels of infectious virus coupled with
the requirement to perform these assays in a BSL-3 laboratory.
However, a recent study found a significant amount of variability
in the relationship between viral titers for infectious virus and
viral RNA levels (13). Their results indicate that determining viral
load by RNA levels in clinical samples may have limitations and
assays for viable virus should be included for emerging variants.
Additionally, they detected six times as much infectious virus for
the same amount of RNA for Delta variant samples compared to
Alpha variant samples. Our results are similar where we found
that the Delta variant cases shed viable virus at higher levels.
Similar levels of virus were detected from unvaccinated personnel
with non-Delta infections prior to the availability of vaccines
granted EUA and FDA approval compared to VBI due to other
variants besides Delta. In contrast, 50-fold more infectious virus
was detected in samples from VBI due to Delta compared to VBIs
with other variants. When we analyzed our results by vaccine
manufacturer, we continued to detect significantly higher levels
of infectious virus in samples from individuals who received the
Pfizer and Johnson & Johnson vaccines and experienced a VBI
due to Delta when compared to the unvaccinated personnel with
non-Delta infections. Interestingly, VBI associated with the Delta
variant that received the Moderna vaccine was not statistically
significant when compared to the unvaccinated group. This may
be a reflection of the limited number of samples in our analyses.
Another limitation of our study is the lack of access to metadata
for the clinical specimens, which affects our interpretation of
the results by differences in age, pre-existing conditions, and
days from exposure or symptom onset. However, most of our
samples did come from active duty military personnel stationed
worldwide who are considered young (age 18-40), are required
to maintain a physical fitness regimen and pass routine physicals,
and are therefore considered relatively healthy compared to the
general population.
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Other studies have also found that viable virus is more likely to
be isolated from clinical samples from Delta compared to Alpha
(14). The authors do point out that there was a significantly
longer period between being considered fully vaccinated and
when VBI with the Delta variant occurred, which is similar to
our results. However, our data demonstrating that we detected
40-fold more infectious virus in VBIs involving Delta compared
to unvaccinated personnel with non-Delta infections prior to the
availability of vaccines granted EUA and FDA approval suggests
that the increase in the amount of viable virus is due to the variant
and not the vaccination status. This is consistent with the study
by Luo et al. (14) that found the recovery of infectious virus was
significantly higher with the Delta variant compared to Alpha in
both vaccinated and unvaccinated groups.

Our results highlight the importance of characterizing the
SARS-CoV-2 genome and infectious viral titers of emerging
variants isolated from unvaccinated and vaccinated personnel.
This work contributes to the growing body of evidence that
the increased fitness of Delta is primarily due to viral genetic
determinants that increase infectivity or replication. This helps
to explain the rapid spread of the Delta variant and provides
the impetus to increase control measures such as vaccination,
boosters, masking and distancing requirements to prevent
ongoing transmission. Furthermore, this study demonstrates
the value of pairing genomic and virological characterization
when assessing novel SARS-CoV-2 variants. These parallel
approaches should be applied to newly emerging variants,
such as Omicron, and other variants that may arise in
the future.
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