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In the United States, SARS-CoV-2 genomic surveil-
lance initially relied almost entirely on residual diagnostic
specimens from nucleic acid amplification—based tests.
However, use of those tests waned after the end of the
COVID-19 Public Health Emergency on May 11, 2023.
In Dane County, Wisconsin, we partnered with local- and
state-level public health agencies and the South Cen-
tral Library System to continue genomic surveillance by
obtaining SARS-CoV-2 genome sequences from freely

Genomic surveillance is a powerful tool that can
inform public health responses to disease out-
breaks (1). During the COVID-19 pandemic, genomic
surveillance data were used to identify variants of
concern, investigate patterns of transmission, and de-
velop effective vaccines (2-4).

Genomic surveillance requires large, representa-
tive sets of samples. Initially, nucleic acid amplifica-
tion tests (NAATSs) were the standard for detecting
SARS-CoV-2 infection (5). Laboratories received
residual nasal swab samples leftover from NAAT
testing for viral sequencing through contracts with
companies and clinics performing NAATSs. After the
COVID-19 public health emergency ended on May
11, 2023, NAAT testing in clinical and public health
facilities declined precipitously as government subsi-
dies for performing NAATSs ended (6). During 2020,
an average of 587,975 NAATs were performed weekly
in the United States. By 2023, that number decreased

available community rapid antigen tests (RATs). Dur-
ing August 15, 2023-February 29, 2024, we received
227 RAT samples, from which we generated 127 se-
quences with >10X% depth of coverage for >90% of the
SARS-CoV-2 genome. In a subset of tests, lower cycle
threshold values correlated with sequence success. Our re-
sults demonstrated that collecting and sequencing results
from RATs in partnership with community sites is a practical
approach for sustaining SARS-CoV-2 genomic surveillance.

to ~96,215 tests per week (7). Subsequently, the pri-
mary source of samples for genomic surveillance was
greatly diminished.

The US Food and Drug Administration is-
sued the first emergency use authorization for a
COVID-19 rapid antigen test (RAT) in August of
2020 (8). At-home RAT usage increased significant-
ly in 2021 during the rise of the Omicron lineage
(9). RATs are less expensive than NAATSs, provide
faster results, and do not require trained person-
nel (10). RATs usually involve swabbing the insides
of both nostrils, placing the swab into an inactiva-
tion buffer, and applying the buffer onto a lateral
flow test strip. If SARS-CoV-2 antigen is present, a
colorimetric test line will indicate positivity (11). By
July 2024, the United States had 38 available over-
the-counter SARS-CoV-2 RAT products authorized
by the Food and Drug Administration and available
to the public (12).
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Multiple groups have investigated RATs as
source material for SARS-CoV-2 genomic surveil-
lance. SARS-CoV-2 RNA can be recovered from an-
tigen tests and sequenced (13-17), enabling track-
ing of circulating lineages. We hypothesized that
community members would be willing to send in
SARS-CoV-2-positive RATs for genomic surveillance
if the process were sufficiently simple. Thus, we part-
nered with local public libraries and a public health
agency to create and assess a system for persons to
anonymously submit positive RATs for viral RNA
analysis and sequencing.

Materials and Methods

Collection of Rapid Antigen Tests

In Wisconsin, the South Central Library System
and Public Health Madison Dane County (PHM-
DCQ) distributed RATs from the US national stock-
pile to the public free of charge. We partnered with
9 libraries and 2 sites through PHMDC. Six of the
libraries were located in urban areas and 3 in rural
areas (18) (Figure 1).

We designed a packet of materials to attach to
each RAT to enable collection of positive tests (Figure
2). The packet included an instructional flyer affixed
to the outside of a bubble mailer to which a business
reply mail shipping label was affixed. Inside the bub-
ble mailer, we included a zip-top bag with a unique
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quick response (QR) barcode for return of RAT
tests. The flyer had instructions in both English and
Spanish, describing the study and providing in-
structions on how to participate (Appendix Figure,
https:/ /wwwnc.cdc.gov/EID/article/31/13/24-
1192-Appl.pdf).

Participants could volunteer to submit their RAT
to our program if they tested SARS-CoV-2 positive.
Participants were directed to scan the unique QR
code on an internet-connected device, seal the posi-
tive RAT strip inside the zip-top bag, place the bag
inside the bubble mailer and seal it, then drop the
sealed mailer in any post office mailbox. The inacti-
vation buffer in a RAT inactivates SARS-CoV-2, ren-
dering the tests nonbiohazardous and safe to send
through the mail (19).

Upon arrival at our laboratory, we scanned the
QR code to record the date of receipt and stored at
—80°C until processing. Most RATs we received were
BinaxNOW COVID-19 Antigen Self Tests (Abbott,
https:/ /www.abbott.com) or iHealth COVID-19
Antigen Rapid Tests (iHealth Labs Inc., https://
ihealthlabs.com).

Ethics Statement

The University of Wisconsin institutional review
board determined this project was human research ex-
empt because participants were anonymous and self-
identified. We created a secure website and database

Figure 1. Locations for SARS-
CoV-2 genomic surveillance
from community-distributed rapid
antigen tests, Wisconsin, USA.
Nine of the South Central Library
System libraries and 2 PHMDC
sites distributed research
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by using Node JS (https://nodejs.org) to collect
the barcode, the date, and the location when a user
scanned a randomly generated unique QR code. We
assumed those data were a reasonable proxy for RAT
date and location. The location of the scan was auto-
matically converted to a census block group on the
users’ machines before submission to our database,
so the actual location of each submission was not
known to the study team. A census block group con-
tains 250-550 housing units (20).

Nucleic Acid Extraction

We developed our approach to extract nucleic acids
from used RATs per previously describe methods
(13). We thawed and opened RATs to retrieve the
testing strip, which we placed into a clean 5-mL freez-
er tube (Sarstedt, https:/ /www.sarstedt.com). Some
RATs also included a nasal swab, and we also placed
those in the freezer tube.

We added 800 pL of Viral Transport Medium
(Rocky Mountain Biologicals, LLC, https://rmbio.
com), and incubated the tube at room temperature for
10 minutes on a Hulamixer (Thermo Fisher Scientific,
https:/ /www .thermofisher.com). We transferred 500
pL of that mixture to a clean 1.5-mL tube and added
5 pL of Dynabeads Wastewater Virus Enrichment
Beads (Thermo Fisher Scientific). We incubated sam-
ples for 10 minutes on a Hulamixer, then placed on a
magnetic rack for 3 minutes. Once clear, we discarded
the supernatant and resuspended the beads in 500 uL
of lysis buffer. We returned the tube to the magnet for
3 minutes and then transferred the clear supernatant
to a clean tube. We isolated samples on a Kingfisher
Apex instrument (Thermo Fisher Scientific) following
the manufacturer’s protocol (protocol no. MagMAX_
Wastewater_DUQO96.bdz).

After isolation, we treated the samples with Tur-
bo DNase (Thermo Fisher Scientific), according to the
manufacturer’s protocol. After DNase treatment, we
cleaned samples by using the RNA Clean and Con-
centrator-5 kit (Zymo Research, https://www.zy-
moresearch.com), following the manufacturer’s pro-
tocol, but skipping the in-column DNase I Treatment.

Quantitative Reverse Transcription PCR and Sequencing
We selected a random subset of 75 samples to inves-
tigate trends between the quantitative reverse tran-
scription PCR cycle threshold (Ct) and sequencing
quality. We quantified SARS-CoV-2 RNA using the
CDC N1 Tagman assay (21) (Appendix).

We generated PCR amplicons by using the QIAseq
DIRECT SARS-CoV-2 Kit with Booster and Enhancer
(QIAGEN, https://www.qiagen.com), according to
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Figure 2. Research packets distributed for SARS-CoV-2 genomic
surveillance from community-distributed rapid antigen tests,
Wisconsin, USA. A) Envelope and instructions; B) zip-top bag
included in packet with quick response (QR) code; C) return
address label. Research packets were attached to SARS-CoV-2
rapid antigen test boxes, enabling participants to send their positive
tests to the laboratory through the US Postal Service. A folded flyer
(A), attached to an envelope, explained in both English and Spanish
the goal of the study and how to participate. Participants scanned
the QR code inside the included zip-top bag (B) to document the
date and location of their rapid antigen test, then sealed their test
strip inside. The location of the scanned QR code was immediately
converted to the census block group of the scan and stored in a
secure database. Participants returned test strips in the provided
envelope, which had a business-reply shipping label (C), enabling
participants to mail to our laboratory from any post office drop box.

the manufacturer’s instructions. We normalized in-
dexed samples to 4 nmol and pooled samples together.
We diluted the pool to a concentration of 8 pmol and
ran using 2 x 150 MiSeq Reagent Kits v2 on a MiSeq in-
strument (both Illumina, https:/ /www illumina.com).

Sequencing Analysis

We quality-checked raw sequencing reads and aligned
to the wild-type SARS-CoV-2 reference (GenBank
accession no. MN908947.3), then variant-called by using
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the open-source viralrecon pipeline from the nf-core
project (22,23; B.E. Langer et al., unpub. data, https:/ /doi.
org/10.1101/2024.05.10.592912). We set the minimum
frequency threshold for variant-calling to 0.01. Further
details for how we ran viralrecon, alongside the custom
R scripts we used to generate figures, are available in
our GitHub repository (https://github.com/dholab/
Library-Rapid-Antigen-Test-Manuscript).

Statistical Analysis

We used an unpaired 2-tailed ¢-test to compare the ef-
fect of Ct and length of transit time between samples
that passed our sequencing quality threshold of >90%
coverage at >10x depth and those that failed. We per-
formed that analysis in Prism version 10.1.0 (Graph-
Pad, https:/ /www.graphpad.com).

We compared the identities of SARS-CoV-2 lin-
eages detected in our RAT-derived sequences with
surveillance data from the Wisconsin State Laborato-
ry of Hygiene (WSLH) SARS-CoV-2 Genomic Dash-
board (24). We analyzed data from August 28, 2023-
February 25, 2024, dividing our passing sequences
into 2-week intervals on the basis of test scan dates.
We only included participant-scanned tests in that
analysis. We assigned Pango lineages to our sequenc-
es by using Nextclade version 3.5.0 (25). For each
2-week period, we identified the 2 most prevalent lin-
eage groups, which we based on Nextstrain clades,
in the WSLH wastewater surveillance data and deter-
mined how often our RAT program also detected the
same prevalent lineages.

Results

Test Collection

During August 15, 2023-February 29, 2024, we sup-
plied 9 libraries and 2 public health clinics in Dane
County with 7,775 research packets to attach to
SARS-CoV-2 RATs distributed to patrons. Among

distributed packets, 223 (2.9%) were mailed to our
laboratory. Some packets contained multiple tests, re-
sulting in 227 total tests for analysis. The return rates
varied by month (Table 1), but the mean number re-
ceived each month was 32 (SD 10).

Some tests arrived at the laboratory without
the barcode or with a barcode that had never been
scanned, resulting in loss of associated metadata. Of
the 223 research packets received, 170 were properly
associated with time and location metadata. Of those
170 samples, 1 was scanned in Sauk County, Wis-
consin (adjacent to Dane County), and the rest were
scanned in Dane County.

Sequencing Quality
We sequenced SARS-CoV-2 from all 227 RATs. We
considered a sequence with genome coverage >90%
at a depth of coverage >10x to be a passing sequence.
Of the 227 RAT-derived sequences, 128 (56%) passed
(Appendix Table 1).

Next, we evaluated whether SARS-CoV-2 vi-
ral RNA concentration or transit time correlated
with successful sequencing. We randomly selected
75 samples for semiquantitative reverse transcrip-
tion PCR. Of those samples, 15 had no detectable
amplification of the N1 target. We obtained pass-
ing sequences for samples with Ct values up to
35.4. The mean Ct for samples that passed was
31.7 and the mean Ct for samples that failed was
35.3, a significant difference via unpaired, 2-tailed
t-test (p<0.0001; degrees of freedom = 59) (Figure
3, panel A).

The time between a test being scanned by the
participant and our receiving it (i.e., the transit time)
ranged from 1 to 20 days, but transit time had little
effect on sequencing success (Figure 3, panel B).
The mean transit time for the passing samples was
6.3 days, compared with 6.6 days for failed samples
(p = 0.69 by unpaired 2-tailed #-test).

Table 1. Monthly distribution and return of research packages in a study of SARS-CoV-2 genomic surveillance from community-

distributed rapid antigen tests, Wisconsin, USA*

Approximate no. packets
Collection month

supplied for RAT collection

No. packets with
positive tests

No. tests that passed sequencing
quality thresholdt

2023
Aug 100 13 5
Sep 1,470 33 14
Oct 1,390 37 18
Nov 2,405 33 21
Dec 300 46 28
2024
Jan 1,160 28 20
Feb 950 33 21
Total no. 7,775 223 127

*RATSs, rapid antigen tests.

tTQuality threshold was >10x depth of coverage for >90% of the SARS-CoV-2 genome.
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Tracking SARS-CoV-2 Lineages

We used Nextclade version 3.5.0 (25) to determine the
Pango lineage of each successfully sequenced sample
and tracked SARS-CoV-2 lineages detected by week
on the basis of participant scan date (Figure 4). Dur-
ing August-November 2023, most detected lineages
were assigned to the XBB clade. Beginning in De-
cember 2023, we observed a shift to the JN.1 lineage,
which predominated in February 2024.

The identities of viral lineages in our RAT-de-
rived sequences were concordant with statewide
trends in lineages detected via wastewater surveil-
lance, as summarized on the WSLH SARS-CoV-2
Wastewater Genomic Dashboard (24) (Table 2). Our
program detected the dominant wastewater lineage
in 12 of 13 two-week reporting periods and the sec-
ond-most prevalent lineage in 7 of 13 periods. Con-
cordance with wastewater surveillance data indicates
that RAT-based surveillance can detect common cir-
culating lineages. Moreover, RAT-based surveillance
resulted in 6 of the earliest documented cases of a lin-
eage in Wisconsin in GenBank and GISAID: JN.1.1,
JN.1.2, XDD, XDA, XDP, and XDE (Table 3).

Discussion

Genomic surveillance has been crucial for tracking
SARS-CoV-2 evolution during the COVID-19 pan-
demic (26). Because most persons now use RATs in-
stead of NAATSs to diagnose SARS-CoV-2 infection,
we sought to evaluate a community genomic surveil-
lance program predicated on voluntary mailing of
positive RATs.

Despite the common narrative that the public is
disinterested in COVID-19, we observed surprisingly
strong participation. During August 12, 2023-Febru-
ary 24, 2024, Dane County’s average COVID-19 test
positivity rate, which we used to estimate the return
rate on RATs, was 12.3% (range 7.8%-16%) (27). In an
extreme case in which all the RATs distributed by our
partners were used, we estimated that one quarter
of all positive tests distributed with packets were re-
turned to our laboratory for analysis. The true return
rate is likely higher because some tests distributed
with packets likely were not used.

The transit time during which RATs sat in un-
controlled (ambient) conditions had a negligible ef-
fect on overall sequencing success (Figure 3, panel B).
Other studies have demonstrated that extraction of
viral RNA is possible from RATs stored at room tem-
perature for long periods (14,16); one study generated
75.2% genome coverage from a RAT stored at room
temperature for 3 months. We obtained a sequence
with >10x coverage for >90% of the SARS-CoV-2
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Figure 3. Comparison of passing and failing samples in a

study of SARS-CoV-2 genomic surveillance from community-
distributed rapid antigen tests, Wisconsin, USA. Scatterplots
compare percentage coverage for Ct values (A) and transit
times (B) for passing and failing RATs. Ct values were obtained
through quantitative reverse transcription PCR. Sequences

that passed the quality threshold had >90% coverage of the
SARS-CoV-2 genome at >10x depth. The mean Ct for samples
that passed was 31.7 and the mean Ct for those that failed was
35.3 (p<0.0001 by unpaired 2-tailed t-test; degrees of freedom

= 59). Samples with lower Ct values correlated with higher
SARS-CoV-2 coverage. Transit time refers to the number of days
between a participant scanning the QR code provided with the
RAT and receipt of positive RAT at our laboratory. The horizontal
black line (B) is the mean value for each group. The mean transit
time for passing samples was 6.3 (SD 3.6) days and the mean
transit time for failing samples was 6.6 (SD 4.2) days. We noted
no significant difference in transit times between passing and
failing sequences (p = 0.69 by unpaired t-test). The amount

of viral material present on RAT correlated with our ability to
sequence samples, but time en route did not. Ct, cycle threshold;
RAT, rapid antigen test.
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Figure 4. Number of samples collected per week and viral lineages detected in a study of SARS-CoV-2 genomic surveillance from
community-distributed rapid antigen tests (RATs), Wisconsin, USA. The chart shows the percentage of SARS-CoV-2 lineages by week
for samples that passed quality control thresholds of >90% of the SARS-CoV-2 genome at >10x depth. The date used reflected the
date the participant scanned a provided QR code attached to a RAT. Unscanned RATs were excluded from the analysis. The number
of samples included in each week’s percentage is shown above the bar. We assigned Pango lineages by using Nextclade version 3.5.0
(25). From August to mid-November 2023, the most common lineages in our samples fell under XBB.1.5, XBB.1.9.2, XBB.1.16, and
XBB.2.3. Beginning in early December 2023, we began to see an increase in the number of samples belonging to the lineage JN.1,

which dominated RAT samples scanned in February 2024.

genome from a RAT that sat at uncontrolled tem-
peratures for at least 17 days. Taken together, those
results highlight that RATs stored at uncontrolled
temperatures can be mailed from the point-of-testing
to centralized laboratories for sequencing. Most (98%)
of the US population is served by the United States
Postal Service (28). Thus, the ability to self-collect
samples for mail-in analysis could enable genomic
surveillance even in settings that are typically under-
served by academic and clinical research.

SARS-CoV-2 lineages identified by our RAT sur-
veillance program were similarly prevalent in Wis-
consin’s statewide wastewater sequencing data (24).
Of note, we also detected emerging lineages like JN.1
and rare variants like XDE, which was documented
only 22 times in North America (29). Those findings
demonstrate that RAT-based sequencing can effec-
tively complement existing wastewater and NAAT
surveillance methods.

One limitation of our study is the reliance on self-
reported data, which is less precise than clinical speci-
men metadata. Our metadata depended on the par-
ticipant’s QR code scan to approximate the date and
location of the test, which might have reduced data
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accuracy. Another limitation is that ~25% of packets
arrived unscanned or without a barcode; thus, we
had no metadata for those samples. Our only com-
munication with participants was through the flyer
provided with each packet, and some participants
might only skim the instructions and misinterpret the
protocol. To reduce the frequency of unscanned tests,
more simplified instructions that include visual cues
could more clearly communicate the directions for re-
turning RATs.

Census block groups of scanned tests showed a
strong bias toward urban locations (18); only 1 test
was scanned by a participant in a rural census block
group. The 3 packet distribution sites in rural areas of
Dane County received only 3% of the total packets we
supplied, which might partially account for that low
number of tests from rural areas. Rural and underrep-
resented areas might need stronger engagement ef-
forts in future studies to achieve more representative
genomic surveillance.

Our program relied on freely available RATSs pro-
vided from the national government stockpile. The
long-term sustainability of the programs that distrib-
ute those tests is unknown, which means this system
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Table 2. Lineages detected during SARS-CoV-2 genomic surveillance from community-distributed rapid antigen tests, Wisconsin, USA*

Highest percentage} Second highest percentage§ No. RATs with
Wastewater  Matching RAT Wastewater Matching RAT passing Other lineages detected via
Datet lineage lineages lineage lineages sequencey RAT sequencing
2023 Aug 28 EG.5.1 EG.5.1.4 XBB.1.16 XBB.1.16.11 5 FL.1.5.1, XBB.2.3
2023 Sep 11 EG.5.1 EG.5.1.13 XBB.1.16 XBB.1.16 8 XBB.1.5.10, XBB.1.5,
GE.1,HK.9, JF.1.1, HH.1
2023 Sep 25 EG.5.1 EG.5.1.4 XBB.1.16 XBB.1.16 4 GJ.1.2,FL.1.5.1
2023 Oct 9 EG.5.1 HV.1, HV.1.8 XBB.1.9 None 8 HK.29, JN.1.1, XBB.1.16.9
2023 Oct 23 EG.5.1 None XBB.1.16 None 2 XCH.1, DV.7.1
2023 Nov 6 EG.5.1 EG.5.1.1, XBB.1.16 None 6 FL.1.5.1, HK.13.2.1, HK.26
EG.5.1.6
2023 No 20 EG.5.1 EG.5.1.1, XBB.1.16 XBB.1.16.6 10 HK.26, GK.1.1, JN.1.4.5,
EG.5.1.6, HV.1 HK.3, JN.1
2023 Dec 4 EG.5.1 HV.1, HV.1.2, BA.2.86 JIN.1, IN.1.1, 14 XDA, XCV, GK.1.8
HV.1.6 JN.1.38
2023 Dec 18 BA.2.86 JIN.1, UN.1.1, EG.5.1 EG.5.1, 11 JG.3, GW.5.1.1, GK.1.6.1
JN.1.4, JN.1.42 EG.5.1.8, HV.1
2024 Jan 1 BA.2.86 JN.1, JN.1.39 EG.5.1 None 3 None
2024 Jan 15 BA.2.86 JN.1, JN.1.38, EG.5.1 HV.1 15 JG.3, XDD, XDP, JC.5.1,
JN.1.4, JN.1.42 HK.3.2
2024 Jan 29 BA.2.86 JN.1, JN.1.1 EG.5.1 None 9 None
2024 Feb 12 BA.2.86 JN.1, JN.1.42 XBB.2.3 None 4 None

*Lineages represent successful rapid antigen test sequences that corresponded to the 2 most prevalent lineage groups in the wastewater signal in the

state of Wisconsin for each 2-week period. RAT, rapid antigen test.
1Dates represent first day of each 2-week reporting period.
fLineage group comprising the first largest percentage of wastewater data.

§Lineage group comprising the second largest percentage of wastewater data.

{Passing sequences had >90% genome coverage at >10x depth.

for collecting and sequencing RATs might not be
sustainable long-term. A similar program could be es-
tablished with RATs purchased by community mem-
bers (e.g., by partnering with pharmacies to put them
at point-of-sale), but that could greatly bias the results
toward persons who have the resources and motiva-
tion to purchase costly tests. Providing free tests to
members of the community gives them a valuable
tool to minimize their risk for COVID-19 transmis-
sion while also potentially providing more inclusive,
representative genomic surveillance.

In conclusion, the program described here could
act as a framework for the creation of more expan-
sive genomic surveillance programs. Regulators in
some countries have approved at-home RATs for
other respiratory viruses, including influenza A
virus and respiratory syncytial virus (30-32), and
those tests could be collected to set up surveillance

Table 3. Lineages detected in a study of SARS-CoV-2 genomic
surveillance from community-distributed rapid antigen tests,
Wisconsin, USA*
GenBank accession no.

Scanned test date Pango lineage

PP761647 2023 Oct 14 JN.1.1
PP747716 2023 Dec 4 XDA
PP747739 2023 Dec 21 JN.1.2
PP747779 2023 Dec 22 XDE
PP747696 2024 Jan 17 XDD
PP747750 2024 Jan 24 XDP

*These samples were the earliest recorded examples of respective Pango
lineage in Wisconsin according to data submitted to GISAID
(https://www.gisaid.org) and GenBank as of April 18, 2024.
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programs for other viruses. Other studies have
demonstrated the possibility of recovering various
respiratory viruses from COVID-19 RATs (15,33).
Thus, by collecting both positive and negative
RATs from symptomatic persons, the prevalence
of respiratory viruses circulating in communities
could also be estimated, creating an innovative ad-
ditional method for assessing the spread of respira-
tory viruses in communities.

This article was preprinted at https:/ /www.medrxiv.org/
content/10.1101/2024.08.12.24311680v1.
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People with COVID-19 in and out of Hospitals, Atlanta, Georgia

For many people, coronavirus disease (COVID-19) causes mild respiratory

symptoms. Yet others die of from complications caused by the infection,

and still others have no symptoms at all. How is this possible? What are
the risk factors, and what role do they play in the development of disease?

In the pursuit to control this deadly pandemic, CDC scientists are

investigating these questions and more. COVID-19 emerged less
than 2 years ago. Yet in that short time, scientists have discovered
a huge body of knowledge on COVID-19.

In this EID podcast, Dr. Kristen Pettrone, an Epidemic Intelligence

Service officer at CDC, compares the characteristics of hospitalized and
nonhospitalized patients with COVID-19 in Atlanta, Georgia.

Visit our website to listen: EMERGING
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