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In response to the SARS-CoV-2 pandemic, we developed a multiplexed, paired-pool droplet digital
PCR (MP4) screening assay. Key features of our assay are the use of minimally processed saliva,
8-sample paired pools, and reverse-transcription droplet digital PCR (RT-ddPCR) targeting the SARS-
CoV-2 nucleocapsid gene. The limit of detection was determined to be 2 and 12 copies per pl for
individual and pooled samples, respectively. Using the MP4 assay, we routinely processed over 1,000
samples a day with a 24-h turnaround time and over the course of 17 months, screened over 250,000
saliva samples. Modeling studies showed that the efficiency of 8-sample pools was reduced with
increased viral prevalence and that this could be mitigated by using 4-sample pools. We also present
a strategy for, and modeling data supporting, the creation of a third paired pool as an additional
strategy to employ under high viral prevalence.

The worldwide Covid-19 pandemic presented enormous challenges to multi-congregate settings such as schools
and universities, including how to maintain robust educational programs while ensuring the safety of their
communities'. Universities weighed a variety of concerns when formulating plans for the Fall semester (typically
August-December) of 2020, a time when most people were unvaccinated’*. Reopening plans varied from fully
remote to fully in-person as well as approaches in between®. To facilitate efforts to return to in-person learning,
routine screening was proposed to identify infected, asymptomatic individuals and, in combination with other
interventions, mitigate the spread of SARS-CoV-2°. Many universities developed or implemented screening
assays, using a variety of sample types (saliva vs nasal swabs), sample processing (minimal vs RNA extraction),
efficiency strategies (pooled vs unpooled), and platforms (qQPCR, RT-LAMP, antigen tests), although the majority
relied on qPCR’-%2. A recent analysis of 1,400 institutions of higher education (IHE) showed that the success of
these screening efforts extended to their housed counties, as those with IHEs that conducted widespread testing
had fewer hospitalizations and deaths®.

We developed a saliva-based screening assay for Colorado State University, implemented in October of 2020,
as a key component of the university’s effort to safely reopen the campus to in-person learning. Our goal was to
implement an accurate, high-throughput (~ 1,000 samples a day), saliva-based screening assay with next-day
turnaround time and sufficient sensitivity to detect people who may be infected and direct them to an FDA-
approved test. Here we report on the SARS-CoV-2 nucleic acid amplification assay we developed as part of the
university’s response to the pandemic, which we have named the MP4 assay for multiplex, paired-pooled ddPCR.
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Results

Description of the MP4 assay. An overview of the MP4 screening assay is presented in Fig. 1. Saliva, col-
lected in barcoded tubes across campus (Supplementary Fig. s1), was brought to the lab by couriers and imme-
diately placed in a 65 °C water bath for 35 min to inactivate the SARS-CoV-2 virus. Sample barcodes were then
scanned into an electronic sample spreadsheet. In a biosafety cabinet, saliva samples were manually pipetted into
the first 8 columns of a 96 well plate preloaded with Proteinase K (PK) for a maximum of 64 samples per plate.
Following a brief incubation step, PK was heat inactivated and 2 paired pools were constructed.

As discussed in more detail below, we implemented an 8-sample paired pooling strategy (also known as 2D
pooling®*), to reduce reagent consumption, assay cost, and time. First, a “letter” pool was constructed by hori-
zontally pooling samples in rows A-H. Second, a “number” pool was constructed by vertically pooling samples in
columns 1-8. This pooling strategy reduced the number of PCR reactions fourfold, from 64 to 16 while running
each sample in duplicate, since each was present in two distinct pools.

For SARS-CoV-2 detection, we used the RT-ddPCR workflow optimized and validated by BioRad in com-
bination with primers developed by the CDC. We multiplexed the N1 primers and probes, which target the
SARS-CoV-2 nucleocapsid gene; and RP primers and probes, which target the human RNase P gene and act as an
internal control that confirms a human sample. We also confirmed successful mulitiplexing of N1 and N2 primers
and probes that also target the nucleocapsid gene. Linearity of the MP4 assay was evaluated using serially diluted
viral RNA, which demonstrated a broad linear range of 0.29- 7,300 copies per pl in the RT-ddPCR reaction for N1
(R%0.9990) (Supplementary Fig. s2), comparing favorably to that reported by BioRad (0.5- 6,000 copies per pl).

RT-ddPCR reactions were constructed in 96 well plates, such that paired pools from up to 5 sample plates rep-
resenting 320 individual samples could be run per PCR plate (Fig. 1). We also included one column (8 samples)
of controls on every plate, run in duplicate: SARS-CoV-2 pooled negative saliva, water, and high (375 copies per
ul) and low (12.5 copies per pl) concentrations of a SARS-CoV-2 heat-inactivated virus. Droplets were generated
in an Automatic Droplet Generator, RT and end-point PCR cycling were performed in a C1000 thermocycler,
and droplet fluorescence was read in a Droplet Reader. The time from sample receipt to the initiation of droplet
reading took ~ 5-6 h (Fig. 1; see Supplementary Fig. s3 for an example workflow and staffing).

The droplet reader reads each droplet for fluorescence in two channels (FAM & HEX), and after applying
thresholds, 4 populations of droplets can be distinguished: negative droplets, droplets positive for N1 (FAM)
only, droplets positive for RP (HEX) only, and droplets positive for both targets. (Supplementary Fig. s4). Pools
with >3 N1 droplets were scored as positive. Following deconvolution of the pools (described below), individual
samples were identified for subsequent testing (reruns). With low positivity rates and approximately 1,000 saliva
samples collected per day, reruns were typically completed, and results reported, by noon of the day following
sample submission.

Deconvolution of positive pools. As outlined above and detailed in the Materials and Methods, we cre-
ated paired pools, each containing 8 individual saliva samples, with each saliva sample present in 2 unique pools.
Positive pools containing>3 N1 droplets were considered positive, and after a deconvolution step, individual
samples were identified for additional testing. Figure 2 presents scenarios for deconvolution of 1, 2, or 3 positive
samples per plate assuming perfect test sensitivity. If only one positive sample is present in the plate (<2% posi-
tivity), the intersection of the positive pools unambiguously identifies the positive sample (Fig. 2A). For plates
with more than one positive sample (> 3%, Fig. 2B-E), the intersections identify “potential positive” samples that
must be run individually to discriminate the true positives. The number of potential positive samples per plate
not only depends on the number of true positive samples, but also on their spatial arrangement. As shown in
Fig. 2C-E, which presents 3 different scenarios for plates with 3 positive samples per plate, the number of poten-
tial positive samples requiring reruns ranged from 3-9, depending on how those samples are arranged on the
plate and therefore represented in the pools (Fig. 2F).

In the scenario in which only one individual letter or number pool is positive (ex: pool B), with no positive
matching pool (ex: pools 1-8 are all negative), the recourse is to re-run all 8 samples from the positive pool (ex:
Bl, B2, B3, B4, B5, B6, B7, B8). Figure 3 presents a slightly more complicated scenario, taken from actual data, in
which a positive pool is missed in a plate with more than one positive sample. In this example, the sample plate
had 4 positive samples (red), with the expected positive pools indicated by bold-outlined red circles in Fig. 3a.
Pool D, which should have been positive, was called negative due to the absence of measured N1 droplets (Fig. 3b)
and thereby omitted from the subsequent deconvolution and rerun steps (Fig. 3¢). In the MP4 assay, we expect
the number of true positives to be the (greater) number of positive pools from either letter or number pools.
Because there were 3 positive letter pools, and 4 positive number pools, we expect to find 4 positive individual
samples from this plate. The fact that we detected an unequal number of positive letter and number pools is not
unusual because two positives can be present in the same letter or number pool (ex: Al and A3 are both in pool
A, but in different number pools). When the samples identified from the deconvolution step were tested, only 3
positive samples were identified. Because there were no positives identified from pool 1, the remaining samples
from pool 1 were rerun and sample D1 was identified (Fig. 3d).

Limit of detection. We determined the limit of detection of the MP4 assay using three different SARS-
CoV-2 virus sources (Fig. 4). For each viral source, LOD was determined by serial dilution and defined as the
lowest concentration of virus in the starting sample in which >95% of replicates (n>20) were scored as positive
(=23 N1 droplets). Initially, we relied on a heat-inactivated virus obtained from BEI Resources, which in our
hands was extremely sensitive to the dilution and extraction steps. For instance, when we spiked the virus in
either negative saliva or viral transport media (VIM?) followed by PK digestion and RT-ddPCR, we were only
able to quantify 5 or 12.8%, respectively, of the amount of virus predicted based on concentrations provided by
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Figure 1. MP4 screening assay overview. Saliva samples from asymptomatic adults were collected, heat
inactivated, and individually pipetted into columns 1-8 of a 96-well sample plate (SP) preloaded with proteinase
K. Following a brief incubation and PK inactivation step, two paired pools (letter and number) were created as
outlined in Materials and Methods. Pooled samples were transferred to a PCR plate (PP) containing RT-ddPCR
master mix. Pooled samples for up to 5 SPs (2 columns per SP) plus one column of control samples were run per
PP. After droplet generation in an Automated Droplet Generator, droplets were transferred to a thermocycler
for cDNA synthesis and amplification, and then droplet fluorescence was read in a Droplet Reader (FAM/HEX
channels). Thresholds for delineating positive and negative droplets were set using control samples. Positive
pools (=3 N1 droplets) were flagged for deconvolution and confirmatory testing of individual samples. Figure
was created with BioRender.com.
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Figure 2. Deconvolution of positive individual samples by decoding paired pools. Sample deconvolution
scenarios for plates containing one (A), two (B), or three (C-E) positive samples per 64-sample plate. Columns
1-8 represent individual samples, with positive samples shown in red. Pooled samples are shown on the right,
with positive pools indicated in red. (A) When the positivity rate is low (1/64; <2%), single positives can be
identified unambiguously. (B-E) More than one positive sample per plate (>3%) requires deconvoluting true
positives (red) from potential positives (red and pink). (F) As the number of true positives (equal to the (greater
of) the number of positive pools from either letter or number pools) increase on a sample plate, the number

of potential positives (equal to the product of the number of positive letter pools times the number of positive
number pools) increases. In rarer cases, a pool may contain several positives, which are surprisingly easy to
identify (D, E).

the manufacturer. Initial LOD studies using the BEI virus diluted in negative saliva and extracted with PK gave
an LOD of 11 SARS-CoV-2 copies per ul (Supplementary Fig. s5). Extraction of this heat-inactivated virus using
QE solution gave much better results, leading to quantification of 67% of the expected amount of virus. Using
this QE workflow, we determined the LOD to be 2 SARS-CoV-2 copies per ul (Fig. 4a). We tried to circumvent
the problems we had with the heat-inactivated virus from BEI by preparing our own reference materials, using
RT-ddPCR to quantify purified viral RNA and a positive saliva sample, but we note that this strategy was not
ideal as the quantification did not take into account the efficiency of the extraction, RT, or ddPCR steps, all of
which could significantly alter the final quantification®. With these considerations in mind, we determined the
LOD for SARS-CoV-2 viral RNA serially diluted in water to be 1 SARS-CoV-2 copy per pl (Fig. 4b). The LOD
for a positive saliva sample diluted in pooled SARS-CoV-2 negative saliva and processed using PK as described
for the MP4 assay was 2 SARS-CoV-2 copies per pl (Fig. 4c). Based on these 3 different SARS-CoV-2 reference
materials we report a LOD for the MP4 assay of 2 SARS-CoV-2 copies per pl in the starting sample. We also
experimentally determined the LOD for pooled saliva samples (also processed according to the MP4 assay)
using the quantified positive saliva sample and pools of 8 in which one sample was positive. This LOD was deter-
mined to be 12 SARS-CoV-2 copies per pL (Fig. 4d), slightly lower than predicted (16 SARS-CoV-2 copies per
uL) based on the LOD for individual samples (2 SARS-CoV-2 copies per pL).

Comparison to FDA-approved test. Individuals whose samples tested positive by our MP4 assay were
directed to take an FDA-authorized anterior nasal swab (ANS) test for confirmation. While most of these ANS
samples also tested positive, we do not know exact correlation for all 250,000 samples we screened. To determine
how well the MP4 saliva assay performed for detection of SARS-CoV-2 individuals, saliva and self-collected
ANS samples were contemporaneously obtained from individuals on campus reporting Covid-19 symptoms
and/or close contact with Covid-positive individual(s) and tested in parallel. Saliva samples were tested accord-
ing to our MP4 assay; ANS samples were tested by a commercial diagnostic laboratory (Biodesix, Boulder, CO)
using an FDA-approved ddPCR SARS-CoV-2 test. The MP4 screening assay correctly identified all 26 saliva
samples with matching positive ANS samples (26/26 =100% positive percent agreement (95% CI 86.8-100%)).
Saliva from 32 of 34 ANS negative individuals tested negative by the MP4 assay (32/34 = 94.1% negative percent
agreement (95% CI 80.3-99.3%)). The MP4 test thus identified 2 additional saliva samples as positive from
individuals with a negative ANS. These two samples had 244 and 271 N1 droplets in our assay, a level that
is ~2-orders of magnitude higher than our LOD, and thus unequivocal positives. Symptoms were reported by
one of these individuals, the other was asymptomatic but reported a close contact.
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Figure 3. Example dataset and workflow for identification of a positive sample with only one positive pool.
(a) Schematic of the sample plate with positive (red) and negative (blue) samples and pools (bold outline). (b)
N1 droplet counts for the pools. Pool D, which should have been positive, is indicated in red. (c) Data analysis
including the positive pools, expected number of positive samples, deconvolution, and rerun data. (d) Outline
of workflow when the actual number of positives (3) was less than expected, resulting in the identification of
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be positive, as expected.

To illustrate the utility of the MP4 assay, Fig. 5 presents data from one PCR plate
that was run in February of 2022 as a representative example. This PCR plate included 80 pooled samples result-
ing from 320 individual samples. The number of positive samples we ultimately detected on the sample plates
ranged from 0-2 out of 64 for a maximum positivity rate of 3.1% (Fig. 5a). Pools scored as positive had 4- 5,187
N1 droplets and we identified 7 samples for individual testing (reruns) (Fig. 5b). SP1 had 1 positive letter pool
and 2 positive number pools. Both samples identified from the positive pools were confirmed positive after
deconvolution (Fig. 5¢). SP4 had 1 positive letter pool and 1 positive number pool, and we confirmed the sam-
ple identified from these pools to be positive after deconvolution. SP5 had 2 positive letter pools and 2 positive
number pools, and 4 samples identified for confirmatory testing. Only two of these samples were confirmed to
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Figure 4. Determination of the LOD for MP4 assay. LOD was determined in single-sample (a-c) and pooled
(d) assays using three different SARS-CoV-2 virus sources. LOD for QE-extracted virus in water (a) and purified
viral RNA diluted in water (b) and were determined to be 2 and 1 SARS-CoV-2 copies per pl, respectively.

The LOD in single-sample (c) and pooled (d) assays in which negative saliva was spiked with a positive saliva
sample of known virus concentration was determined to be 2 and 12 SARS-CoV-2 copies per p, respectively.
Experiments in (c,d) were performed using PK-digested saliva according to the MP4 assay. Data points above
the dotted line (set at 2 copies per pl) meet our threshold of >3 positive N1 droplets. LOD is represented as
SARS-CoV-2 copies per pl in the starting sample and was defined as the lowest concentration of virus in

which 295% of replicates (n>20) were scored as positive.

Comparisons between pooled and individual SARS-CoV-2 positive saliva samples. In analyz-
ing data from the Fall semester of 2021 (August 23- December 17), in which we identified 385 positive saliva
samples originating from pools with only one positive per pool, we observed a high concordance between the
letter and number pools (Pearson’s r=0.974, (p <0.0001)), (Fig. 6a), indicating a high degree of technical preci-
sion in the two separate pooling steps. Despite this concordance, we detected slightly higher viral copy numbers
in number versus letter pools (median of differences of 4 copies per ul) (Fig. 6b). The relationship between pools
versus the individual samples also indicated a high degree of linearity (Pearson’s r=0.907 (p <0.0001) and 0.929
(p <0.0001) for letter and number pools, respectively) with viral copy numbers in the pools 6.7- 7.0-fold less than
the individual sample, close to the expected eightfold difference (Fig. 6¢).

We observed a wide range of viral loads in individual positive samples, ranging from 3- 210,000 copies per
reaction (mean value of 9,440; 95% CI for mean 6,850- 12,030). This translates to approximately 0.4- 28,747
copies per yl in the saliva sample. The frequency distribution was skewed toward the low end of this range
(Supplementary Fig. s6), with a median value of 519 copies per reaction (25 and 75% percentiles of 92 and 5160
copies per reaction, respectively), translating to 71 copies per pl in the saliva sample.

4-versus 8-sample pooling. We considered several factors when deciding on a pooling strategy, notably
the expected positivity rate; cost and availability of reagents, consumables, and personnel; time, and sensitivity.
Prior to implementing the MP4 assay, we modeled the number of unambiguously and ambiguously identified
positive samples in 8- and 4-sample pooling strategies under positivity rates ranging from 1-10% (Fig. 7). For
8- sample pools, as positivity rate increases the number of positive samples that can be unambiguously identi-
fied (confirmed positives) decreases, nearing zero at rates > 6% (Fig. 7b). Concomitantly, the number of poten-
tial positives requiring additional testing increased (Fig. 7c). Four-sample pools, on the other hand, required
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Figure 5. Representative example of data from a typical PCR plate and subsequent confirmatory testing. (a)
Schematic of 5 sample plates (SPs) containing 0-2 positive samples (red) identified by the MP4 screening assay.
Negative samples are shown in light blue. (b) Schematic of the PCR plate containing pooled samples from SP1-5.
N1 droplet numbers for each positive pool as well as deconvolution results are shown in the table. (c) Schematic
of the re-run plate with individual samples identified in B. Quantasoft charts showing fluorescent amplitudes of
N1 (top, blue) and RP (bottom, green) droplets for each sample are shown. Thresholds distinguishing positive
from negative droplets are shown as pink lines. N1 droplet numbers for the individual samples are shown in the

table.
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Figure 6. Pooled and individual detection of SARS-CoV-2 in saliva collected during the Fall 2021 semester
(August 23- December 17). Pools with more than one positive sample and samples with no negative droplets
were removed before analysis. (a) Concordance between letter and number pools. Pearson’s correlation
coefficient, r=0.974 (p <0.0001). (b) Box and whisker plots of copies per reaction for letter and number pools.
Data are plotted on a log,, scale. Boxes extend from the 25th to 75th percentiles with median indicated by

a line. The letter versus number pools comparison had a median of differences of 4. Asterisks (****) denote

a p-value <0.0001 as determined using Wilcoxon matched-pairs signed rank test. (c) Plot of pooled versus
individual copies per reaction for letter (red) and number (blue) pools. Pearson’s r=0.907 (p <0.0001) and 0.929
(p<0.0001) for letter and number pools, respectively. Green circles indicate paired pool samples that deviate
from the trendline. The dashed line indicates the line of identity (x=Yy).

fewer additional tests and were much more resistant to increased positivity rates. Unambiguous positives can be
identified at all positivity rates modeled (Fig. 7b). Prior to implementing our screening assay, we estimated our
positivity rates would be <2% because screening would be limited to an asymptomatic population and because
of social distancing and mask requirements instituted on campus. We also chose to implement confirmatory
testing of positive samples unambiguously identified from our pooling strategy as a further quality assurance
step; the numbers given below include these samples. At a positivity rate of 1%, 4-sample pools would require
515+ 3 (n=100) tests (512 pooled tests plus 3 reruns), while 8-sample pools would require 265+ 7 (n=100) tests
(256 tests plus 9 reruns). At a positivity rate of 2%, 4-sample pools would require 519+ 5 (n=100) tests (512 tests
plus 7 reruns), while 8-sample pools would require 290+ 14 (n=100) tests (256 tests plus 34 reruns) (Fig. 7d).
Based on this analysis, we decided to use 8- sample pooling because of the 1.8- 1.9-fold reduction in the number
of samples run (resulting in equivalent cost savings) for our expected positivity rate (1-2%). Although 8- sample
pooling increased the number of samples requiring reruns, it was not large enough to measurably impact our
turnaround time.

Three-dimensional (3D) pooling. In addition to reducing pool size, another option for employing the
MP4 assay during high disease prevalence is creation of a third pool from the 8 x 8 matrix via diagonal pooling
(Fig. 8). Although technically more challenging than creating letter and number pools because of the mechanics
of pooling samples oriented on a diagonal (Fig. 8 outlines our pipetting strategy), creation of a third pool can
reduce the number of ambiguous samples requiring individual testing (Fig. 9, Supplementary Table s2) and thus
turnaround time. Figure 9 presents 4 different sample plate scenarios we observed during the Omicron peak of
late December 2021 through January 2022, in which we observed a record number of positive samples per plate
(9/64; 14.1% positivity, Supplementary Table s2), and the effect of including a diagonal pool on the number of
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Figure 7. Simulations of 8-sample versus 4-sample pooling strategies. Each simulation contained 1,024 samples
arranged in 16, 64-sample plates containing random positive samples at 10 different prevalence values (0.01-
0.1). 100 iterations were simulated for each prevalence value and the data summarized using a Tukey boxplot
(Graphpad). (a) The number of positive samples (ground truth) at each prevalence value. (b) The number of
positive samples correctly identified by the results from pooled samples. (c) The number of potential positive
samples identified from the results of pooled samples that would need to be rerun individually for confirmation.
(d) The total number of ddPCR reactions required to confirm all positives.

pooled reactions and reruns. Inclusion of the diagonal pool was very effective at reducing the number of ambigu-
ous samples in plates with <10% positives. There was minimal effect on the total number of reactions, but the
reduction in the number of samples needing reruns would translate to a faster turnaround time.

We ran modeling simulations of both 2D and 3D pooling under positivity rates ranging from 1-10% (Fig. 10).
Above 8% prevalence, no unambiguous positive samples can be identified in 2D pools (Fig. 10b). The number of
ambiguous or “potential” positives is lower for 3D pooling under all positivity rates (Fig. 10c). When prevalence
is low (<6%), the total number of tests required for 3D pooling is higher than that for 2D pooling due to the
additional pooled samples (Fig. 10d). However, the total number of tests with 2D and 3D pooling is comparable
when positivity rates are 7-9%, and slightly lower for 3D pooling at 10%.

Discussion

From October 2020 through mid-February 2022, over 240,000 saliva samples were screened using the MP4 assay
(Supplementary Fig. s7). There are 3 key features of the MP4 assay, which collectively, distinguish it from other
published assays. First, the assay bypasses an RNA extraction step, instead relying on pretreatment of saliva with
Proteinase K (PK). This strategy has been used successfully by other groups, although we optimized the MP4
assay to use less PK relative to other published assays to reduce reagent usage and cost (e.g. ~ threefold less than
SalivaDirect)*”?. Second, we created two paired pools of 8 samples each such that each sample is represented in
2 unique pools. Third, we used ddPCR rather than qPCR as the platform for amplification and detection. Many
studies have shown that RT-ddPCR is more sensitive than qPCR for detection of SARS-CoV-2?°-*, which we
reasoned would help offset the reduction in sensitivity with our pooling strategy. ddPCR also is less sensitive to
inhibitors due to fractionation of the reaction mixture prior to the RT and amplification steps*, which we also
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Figure 8. Outline and pipetting strategy for creating diagonal pools. (a) We pooled samples diagonally from
the indicated wells such that we transferred aliquots of all same-colored samples to their color-matched well in
column 12. (b) Pipetting strategy to create diagonal pools. In the first step (left), an 8-well multichannel pipettor
was loaded with the indicated number of tips. With the pipettor oriented vertically, samples were aliquoted from
the individual wells (colored) of each column. Samples were then pipetted into column 12 such that the top-
most sample (green) is dispensed into well A12. In the second step, a similar strategy is used, except that samples
were pipetted into column 12 such that the bottom-most sample (black) was pipetted into well H12.

reasoned would be advantageous for an assay using minimally processed saliva samples. Relative to the com-
mercially available Bio-Rad SARS-CoV-2 ddPCR kit, we reduced the concentrations of primers and probes to
approximately half of what was recommended to conserve on reagents and reduce costs. Since RT-ddPCR was
used for COVID screening far less than RT-qPCR, we experienced no supply chain issues or competition for
reagents related to the more conventional RT-qPCR tests. Although ddPCR reactions take longer to run than
qPCR assays, modification of BioRad’s recommended thermocycler cycling program allowed us to shorten this
step from 3.5 to 1.5 h. (Fig. 1, Supplementary Fig. s3). Taken together, these modifications and pooling enabled
us to report results the next day for >95% of samples.

The dataset presented in Fig. 3 highlighted the power of our paired pool approach, by presenting an experi-
ment in which one pool failed to generate a positive call and outlining the resulting steps leading to the successful
identification of the positive sample. Pools containing one or more positive samples can result in negative calls
for a variety of reasons including low viral loads, the presence of inhibitors, or technical errors such as pipet-
ting. In our data from 2021, 5.5% (n=130) of our positive samples were identified from a single positive pool,
suggesting that while this was a low occurrence, running paired pools increased the detection rate of our assay
relative to assays relying on single pools. Most of these samples (88.5%) had < 10 N1 droplets in the correspond-
ing pool and therefore were most likely missed due to low viral concentration. The remaining 11.5% had>10 N1
droplets in the corresponding pool; technical errors such as pipetting or the presence of inhibitors most likely
account for these results.
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Figure 9. Effect of diagonal pooling on the number of pooled reactions, reruns, and total number of reactions
on representative sample plates containing 3, 5, 7, or 9 positive samples out of 64. Individual positive and
negative samples are indicated in red and light green, respectively. Potential positives are shown in pink. Positive
and negative pooled samples are indicated in red and green, respectively. Columns 10-12 represent letter,
number, and diagonal pools, respectively. Inclusion of a third pooled sample increased the number of initial
pooled samples from 16 to 24 but reduced the number of rerun reactions.
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Figure 10. Simulations of 2D and 3D 8-sample pooling strategies. (a) Similar sample sets to those in Fig. 7 were
created with 1,024 total samples and positive samples randomly introduced at 1-10% positivity rates. (b, ¢) The
number of confirmed and potential positives, respectively. Above 8% prevalence no confirmed positive samples
can be determined by 2D pooling, while 3D pooling identified significant numbers of known positives even at
10% prevalence. (d) As prevalence surpasses 5%, the total number of tests for each strategy equilibrates.

Overall, our data from August to December of 2021, which included 386 positive samples, showed how well
our pooling strategy performed (Fig. 6). The high concordance between the letter and number pools indicated
a high degree of technical reproducibility that is remarkable considering this step was performed by > 10 lab
personnel within this timeframe. Furthermore, the high degree of correlation between pools and individual
samples (~ sevenfold difference) is very close to the predicted eightfold difference based on our pooling strategy
as well as the sixfold difference in LOD concentrations observed between individual and pooled samples (2 and
12 copies per pl, respectively). We attribute part of the success of our pooling strategy, as well as the MP4 screen-
ing assay, to our reliance on manual processing of saliva samples, avoiding the use of automated liquid handling
instruments in favor of manual inspection and pipetting, which allowed greater oversight over all steps of the
assay. We and others experienced problems with automated pipetting of saliva due to viscosity and other issues?'.

Because of the high degree of concordance between the letter and number pools and the quantitative nature
of RT-ddPCR, we could often infer which samples were positive in plates with more than one positive sample by
“matching” concentrations in the pools. This can be seen in Fig. 5, in which the droplet numbers from the SP5
pools indicated that the positive samples were most likely A5 and D2 because of the similarity in pool droplet
numbers (10 and 4 for pools A and 5, respectively and 37 and 35 for pools D and 2, respectively), which was
ultimately confirmed in the re-run data. This reveals a further advantage of ddPCR and the MP4 assay that
could be exploited to provide enriched, more informative data. Since ddPCR is a quantitative assay that does not
require a standard curve, viral loads determined in each reaction can be used to identify potential super shedders
or spreaders for prioritization of mitigation efforts to prevent significant community spread. Curiously, we did
observe a slightly higher virus titer in number pools. One explanation for these results is that per our standard
operating procedure, number pools were created after the letter pools and the reduced volume in the well may
have resulted in withdrawal of more of the precipitate in the bottom of the tube. In one study, centrifugation of
samples led to a tenfold reduction in LOD, suggesting that the precipitate may harbor a greater concentration
of viral material®.
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Unlike most universities or other entities employing large-scale COVID testing and/or screening, we tested
every saliva sample at least in duplicate. Positive samples were confirmed in a third replicate reaction. Thus, the
MP4 assay not only saves reagents and costs less than $10 per reaction, but also provides greater assurance that
the results are reproducible and reliable.

Although pooling samples has many advantages, especially for screening assays such as ours, one of the
biggest limitations is that invalid samples, defined as samples that do not amplify any N1 or RP droplets when
run individually, would be called negative in our assay. The threshold for calling a sample negative according to
BioRad guidelines is <2 N1 droplets and > 4 RP droplets, with the presence of RP droplets serving as a neces-
sary internal control to distinguish SARS-CoV-2 negative samples from invalid samples (ex: water). While we
monitored RP amplification in our pooled samples, we found it difficult to establish a threshold because of wide
variation in RP levels from sample to sample. Furthermore, one or more invalid sample(s) in a pool of 8 would
be masked by RP signal from the other samples present in the pool; thus, resulting in those samples being called
negative rather than invalid. Because we manually pipetted each saliva sample, we were able to identify poten-
tially problematic samples and flag them for individual testing. However, samples with high levels of inhibitors
(tobacco or mouthwash, for instance) may not be distinguishable by eye from valid samples® and could poten-
tially limit the detection of positive samples when present in pools. Our data, however, suggests that pooling
acts to dilute inhibitors in samples, as we observed many paired pools that skewed above the trendline shown
in Fig. 6 (indicated by green circles), indicating higher than average amplification in pools as compared to the
individual sample. Although we believe that this is most likely due to the presence of inhibitors in the individual
sample that were diluted during pooling, we also note that there are other explanations for lower-than-expected
concentrations in the individual samples such as pipetting errors. Other disadvantages of our assay, such as cost,
time, and adherence to a specific platform, all pertain to the RT-ddPCR technology and have been previously
reviewed in detail*.

Over the course of 311 days of screening (October 2020 to mid-February 2022), we experienced 63 days
with positivity rates > 2% (Supplementary Fig. s7). The bulk of these days occurred at the end of 2020 (October-
December) and during the Omicron wave at the end of December of 2021 through January of 2022. Although
we did not change our pooling strategy during these peak prevalence periods, our modeling data suggests that
either shifting to 4-sample pools or including a third pool would have been reasonable strategies (Figs. 7 & 10).
3D pooling would result in fewer pooled samples to test (32 pooled samples per plate for 2D pools/4 samples
per pool versus 24 pooled samples for 3D pools/8-samples per pool). In general, any pooling will increase the
efficiency of an assay (a measure of the reduction of the number of tests run as compared to running samples
individually) (Supplementary Table s2) but will lower the sensitivity (i.e. increase the number of false negatives).
As shown here and by others, both smaller pool sizes and 3D pooling are less susceptible to changes in positivity
rates®®. The optimal pooling strategy should be one that is flexible and can be adjusted according to changes in
prevalence and viral loads within a population to maximize efficiency and sensitivity.

It is difficult to compare the LOD of assays conducted in different labs using different reference materials,
especially given the problems noted by others regarding available reference materials for SARS-CoV-2 assay
validation®’~*. The LOD of the MP4 assay established here (2 copies per pl) is higher than that reported for the
BioRad SARS-CoV-2 ddPCR kit (0.15 copies per uL)*. This is partly explained by the ~ fourfold increase in
volume of starting sample in the BioRad protocol. Our LOD is lower than that reported for SalivaDirect (6-12
SARS-CoV-2 copies per uL)?, which has a similar sample workflow, but relies on the less sensitive RT-qPCR
platform*'. Most other screening assays report LODs within this range as well (0.5- 10.6 copies per pl)'**2. For
pooled samples our LOD was 12 copies per pl, which is in line with at least one other report* and considered
an acceptable trade-off for screening assays in which frequency and turnaround time rather than sensitivity are
more important for mitigation of viral spread*>. We propose that individuals with low-titer positive samples likely
shed significantly less virus than those with much higher titer samples, whom the MP4 assay easily identifies for
isolation before significant spreading of COVID-19 occurs.

The concordance data showed that our assay had very high agreement with an FDA approved ANS test, as we
were able to identify all ANS positive individuals as positive with our MP4 assay. We even identified 2 additional
individuals as positive that had tested negative via ANS. There are several explanations that could account for
the discrepancy between these two tests. First, it is well established that viral loads can differ between sample
types (saliva vs ANS) during infection, with viral loads in saliva often detected before those in nares during the
early stage of infection®>~*. Second, inadequate self-collection by ANS could result in a false negative, an issue
that is far less encountered with saliva sampling. Third, variant-specific differences related to tissue tropism,
as exemplified by the more recent Omicron variants which colonize upper airways and saliva more than lower
respiratory and nasal cavities*”*5.

In our data from August to December of 2021, we noted that the majority of our positive saliva samples had
viral loads at the low end of the observed range. This skewed distribution of observed viral loads may be due
to our screening of asymptomatic individuals likely in the initial stages of infection during which viral loads
and associated shedding are relatively low®. This trend has also been observed in other large-scale screening
assays'>". These data show that it is possible to detect positive individuals with low viral loads from an asymp-
tomatic population.

Although the MP4 assay was developed in response to the SARS-CoV-2 pandemic, it can be easily adapted
for the future. Screening can be easily expanded to other targets of interest and higher order multiplexing for
more than 2 targets per reaction can be performed using amplitude and probe-based strategies or with newer
ddPCR instrumentation capable of reading more than 2 fluorescent channels™. This strategy could prove useful
to monitor both COVID-19 and Influenza outbreaks. Although saliva has many advantages as a sample type®!,
we have successfully used the MP4 assay with nasal swabs and non-invasive polyvinyl alcohol (PVA) mask strips
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(see Reference™ for a description of the PVA strips). Depending on the needs of the assay, a wide variety of pool-
ing strategies can be employed to balance sensitivity with efficiency.

Methods

A graphical overview of the MP4 screening assay is presented in Fig. 1.

Human subject data. Human subject data was collected in accordance with recruitment and informed
consent protocol #20-10256H approved by the Institutional Review Board (IRB) at Colorado State Univer-
sity. All methods were carried out in accordance with relevant guidelines and regulations of the IRB.

Saliva collection. Five saliva collection sites were set up on the Colorado State University (CSU) campus,
including 3 on the main campus and 2 on the more remote South and Foothills campuses (Supplementary
Fig. s1). Collection sites were open weekdays for 4-9 h a day, depending on the location. Asymptomatic adults
were directed to these saliva collection sites, where they were given a sterile, barcoded 5- or 15- mL conical
tube and instructed on saliva collection. Participants were asked to provide 2 ml of saliva. Samples were then
transported to the MP4 screening lab where they were immediately placed in a 65 °C water bath for 35 min,
previously shown to be effective for inactivation of SARS-CoV-2°*%. After inactivation, sample barcodes were
scanned and 64 samples were organized into an 8 x 8 matrix whose placement was maintained when transferring
to a 96-well microtiter sample plate (SP).

Sample preparation and pooling. Heat-inactivated saliva was individually pipetted (75 pl) into 96-well
microtiter plates containing 9 pl of Proteinase K, Molecular Biology Grade (PK; New England Biolabs) diluted
to 267 U/ml in molecular biology grade water. Using PK as an extraction-free method of RNA detection was
based on the SalivaDirect protocol® and optimization experiments indicated that 2.4 units of PK was sufficient
for reliable RNA detection (data not shown). Plates were then sealed with an adhesive PCR sealing foil sheet
(Thermo Scientific, cat no. AB-0626), briefly vortexed, and centrifuged (1 min at 1,210 g). Plates were incubated
at 60 °C for 15 min followed by PK inactivation at 95 °C for 5 min. Plates were then centrifuged for 1 min at
1,210 g prior to pooling. A maximum of 64 samples were pipetted per SP in columns 1-8. Columns 10 and 12
were reserved for pooling.

Pools were created with a maximum of 8 samples, using an 8-channel pipettor. First, letter pools were con-
structed by moving 10 pl of all 8 samples in column 1 into column 10 and subsequently repeating this process
for columns 2-8, with new pipette tips employed for each column. Care was also taken to avoid pipetting any
particulates pelleted in the prior centrifugation step. The result of this was that well A10 contained samples
from row A1-A8; well B10 contained samples from row B1-B8 and so forth (Fig. 1). To construct the number
pools, the multichannel pipettor was turned 90° relative to the first pooling step, so that all 8 samples in the A
row were pipetted simultaneously. Then, the pipettor was turned another 90° so that the samples were expelled
into column 12, with sample A1 being expelled into well A12. The result of this pooling step was that well A12
contained samples from column 1A-H; well B12 contained samples from column 2A-H and so forth. After
pooling, plates were sealed with a fresh adhesive sealing foil sheet, mixed by vortexing, and spun for 3 min at
1,210 g prior to RT-ddPCR set-up.

Reverse transcription droplet digital PCR (RT-ddPCR). One-Step RT-ddPCR Advanced Kit for
Probes (BioRad, cat no. 186-4021) was used for RT-ddPCR according to the manufacturer’s recommendations.
Multiplex, 22 pl reactions were set up using 9 pl of pooled saliva sample and nCOV_NI and RNase P primers
and probes developed by the CDC (Division of Viral Diseases, National Center for Immunization and Res-
piratory Diseases, Centers for Disease Control and Prevention, Atlanta, GA, USA, Supplementary Table s1),
although the FAM label on the RNase P probe was replaced with HEX to accommodate multiplexing. Primers
and probes were purchased from Integrated DNA Technologies and used at final concentrations of 503 nM and
127.5 nM, respectively. RT-ddPCR reactions were set up in 96-well ddPCR plates (BioRad, cat. No. 12001925)
referred to as PCR plates (PP). Plates were covered with a pierceable foil heat seal (BioRad, cat. No. 1814040),
sealed using a PX1 PCR Plate Sealer (BioRad, cat. No. 1814000), mixed by vortexing, and centrifuged for 3 min
at 1,210 g before droplet generation. Droplets were generated using an Automated Droplet Generator (BioRad),
which dispensed droplets into a new 96-well plate. After manual inspection to check for any low or failed drop-
lets, plates were heat-sealed with a pierceable foil and thermocycled on a C1000 touch thermal cycler (BioRad)
as follows: 50 °C for 10 min; 95 °C for 10 min; 40 cycles of 94 °C for 10 s and 55 °C for 30 s, followed by a 5 min
hold at 4 °C for droplet stabilization. Droplets were then read on a QX200 Droplet Reader (BioRad) set up to
read FAM and HEX channels. For additional details on the Bio-Rad RT-ddPCR workflow refer to the protocol
by Nyaruaba et al*.

Controls. Four control samples, in duplicate, were included on every RT-ddPCR plate. Controls were pre-
pared daily. The controls were: water samples to monitor for contamination, SARS-CoV-2 negative saliva to
monitor RP amplification, and high and low concentrations of a heat-inactivated SARS-CoV-2 virus to moni-
tor N1 amplification. Negative saliva was prepared by pooling heat-inactivated saliva samples from multiple
individuals, which was then aliquoted and stored at — 20 °C. Negative saliva was confirmed to be free of SARS-
CoV-2 by the Princeton Diagnostic Lab. Negative saliva was prepared by adding 9 pl of 800 U/ml PK (NEB) to
225 pl of negative saliva and incubating as described above. A heat-inactivated SARS-CoV-2 virus, isolate USA-
WA1/2020 (NR-52286), was obtained through BEI Resources, NIAID, NIH. Upon receipt, this virus was diluted
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to 37,500 copies per pl, aliquoted in single use volumes, and stored at -80 °C. A single 10 pl aliquot was thawed
on ice, mixed with 5 pl of QuickExtract™ DNA Extraction Solution (QE, Lucigen), and incubated at 65 °C for
6-15 min, followed by 98 °C for 2 minutes®. The virus was then diluted with water to 375 copies per pl or 12.5
copies per pl for the high and low positive controls, respectively.

Data analysis, deconvolution, and reruns. Data analysis was performed in QuantaSoft (BioRad).
Using the control samples, thresholds were set approximately twofold above the baseline of the negative drop-
lets. In some cases, thresholds were manually adjusted for individual samples to account for baseline fluctuations
and/or increased fluorescence of negative droplets. Samples with <5,000 accepted droplets were automatically
rerun; later this threshold was increased to 10,000 droplets. Samples were considered positive for SARS-CoV-2
if they had at least 3 positive droplets for N1°%. After deconvolution of the positive pool(s), individual samples
from the SPs were rerun to confirm the positive samples. Samples were identified as either positive or negative
for SARS-CoV-2. Additionally, samples were called invalid if saliva sample was not present, could not be pipet-
ted, was flagged for qualitative reasons, or did not meet our QC threshold for RP. Our invalid rate was 0.13%.

Limit of detection (LOD). LOD studies were determined using 3 different SARS-CoV-2 virus sources. A
heat-inactivated SARS-CoV-2 virus isolate, described above, was extracted by adding QE solution to virus in a
1:2 ratio and incubating at 65 °C for 15 min, followed by 98 °C for 2 min. The viral concentration in this tube
after QE extraction was predicted to be 2.5 x 10* copies per ul based on copy numbers provided by the manufac-
turer. In initial range finding experiments, viral extracts were serially diluted tenfold in sterile water in triplicate.
Further dilutions at 1, 2, 3, and 4 copies per pul were performed with 20 replicates each to establish the LOD. Viral
RNA was extracted from the heat-inactivated SARS-CoV-2 virus isolate using the QIAmp Viral RNA Mini kit
(BioRad) according to the manufacturer’s guidelines. Viral RNA was serially diluted twofold in water and quan-
tified using RT-ddPCR™. Linear regression of the data (spanning 10 dilutions) demonstrated excellent linearity
(R*=0.9994) and based on this data, we assigned the sample a concentration of 72,486 copies per pl. LOD was
determined as described above, by diluting the viral RNA in water. Quantification of a pooled positive saliva
sample was performed by first extracting the viral RNA using PK, followed by serial dilutions in water and quan-
tification by RT-ddPCR. Sample concentration was determined to be 5,645 copies per ul. LOD was determined
by spiking this positive saliva sample into pooled negative saliva, performing serial dilutions in negative saliva,
followed by PK extraction and RT-ddPCR. For determination of the LOD for pooled samples, the positive saliva
sample was diluted in negative saliva and added to the first column of a 96 well plate. Negative saliva was added
to columns 2-8. After PK digestion, samples (10 ul each) were pooled vertically using an 8-channel pipetter into
column 10. RT-ddPCR on the pooled samples was as described above.

Pooling simulations and deconvolution. A simulation was performed in Matlab (Ver. 2019b)*° by cre-
ating 16 virtual sample plates, each with a total of 64 samples arranged into an 8 x8 grid as described for the
MP4 assay. Each sample was randomly assigned as positive (1) or negative (0) based on the positivity rate (0.01-
0.1) for that iteration of the simulation. Samples were virtually pooled according to the MP4 method in either
8-sample or 4-sample pools by summing the rows and columns such that each pool had a numerical value. The
numerical values of each pool were converted to a binary readout, either positive (> 1) or negative (0). Deconvo-
lution was performed using only the binary readout for each pool, similar to how the MP4 assay is conducted.
The simulation was used to predict the number of individual samples for retesting, using only the results from
the pooled samples to instruct the deconvolution. The simulation was run 1,000 times, with 100 iterations for
each prevalence level (0.01-0.1). Results are reported as a boxplot using the Tukey method (Graphpad) for 100
iterations of the simulation. Simulations of 2D and 3D sample pooling and deconvolution were written in R ver-
sion 4.1.2 and used the same approach as described above, but with the addition of a third set of pools.

Availability of data and materials
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 6 December 2022; Accepted: 11 February 2023
Published online: 22 February 2023

References

1. Walke, H. T., Honein, M. A. & Redfield, R. R. Preventing and responding to COVID-19 on college campuses. JAMA 324, 1727-1728
(2020).

2. Dooling, K. et al. The advisory committee on immunization practices’ interim recommendation for allocating initial supplies of
COVID-19 vaccine — United States, 2020. MM WR Morb. Mortal Wkly. Rep. 69, 1857-1859 (2020).

3. Centers for Disease Control and Prevention. CovidVaxView. https://www.cdc.gov/vaccines/imz-managers/coverage/covidvaxvi
ew/index.html.

4. Thomas, K., Weiland, N. & LaFraniere, S. ED.A. Advisory panel gives green light to pfizer vaccine. New York Times (2020).

5. Booeshaghi, A. S., Tan, E, Renton, B., Berger, Z. & Pachter, L. Markedly heterogeneous COVID-19 testing plans among US colleges
and universities. medRxiv 2020.08.09.20171223 (2020) doi:https://doi.org/10.1101/2020.08.09.20171223.

6. Paltiel, A. D., Zheng, A. & Walensky, R. P. Assessment of SARS-CoV-2 screening strategies to permit the safe reopening of college
campuses in the United States. JAMA Netw. Open 3, €2016818-¢2016818 (2020).

7. Harris, D. T. et al. SARS-CoV-2 rapid antigen testing of symptomatic and asymptomatic individuals on the University of Arizona
Campus. Biomedicines 9, 539 (2021).

8. Kundrod, K. A. et al. Sample-to-answer, extraction-free, real-time RT-LAMP test for SARS-CoV-2 in nasopharyngeal, nasal, and
saliva samples: Implications and use for surveillance testing. PLoS One 17, (2022).

Scientific Reports|  (2023) 13:3075 https://doi.org/10.1038/s41598-023-29858-5 nature portfolio


https://www.cdc.gov/vaccines/imz-managers/coverage/covidvaxview/index.html
https://www.cdc.gov/vaccines/imz-managers/coverage/covidvaxview/index.html
https://doi.org/10.1101/2020.08.09.20171223

www.nature.com/scientificreports/

10.

12.

13.

14.

15.

16.

18.

19.

21.

22.

23.

24.

25.

26.
27.

28.

29.
30.

31.

32.

33.

34.

35.

45.

46.

47.

48.

49.

50.

51.

52.

53.

. Patterson, J. R. et al. Large-Scale SARS-CoV-2 Testing utilizing saliva and transposition sample pooling. JoVE 64008 (2022)

doi:https://doi.org/10.3791/64008.
Frazier, P. I. et al. Modeling for COVID-19 college reopening decisions: Cornell, a case study. Proc. Natl. Acad. Sci. USA 119, (2022).

. Denny, T. N. et al. Implementation of a pooled surveillance testing program for asymptomatic SARS-CoV-2 infections on a college

campus — Duke University, Durham, North Carolina, August 2-October 11, 2020. Morb. Mortal. Wkly Rep. 69, 1743 (2020).
Yang, Q. et al. Just 2% of SARS-CoV-2—positive individuals carry 90% of the virus circulating in communities. Proc. Natl. Acad.
Sci. USA. 118, (2021).

Gibson, G. et al. Surveillance-to-diagnostic testing program for asymptomatic SARS-CoV-2 infections on a large, urban campus
in fall 2020. Epidemiology 33, 209-216 (2022).

Hockstein, N. G. et al. Assessment of a multifaceted approach, including frequent PCR testing, to mitigation of COVID-19 trans-
mission at a residential historically black university + invited commentary. JAMA Netw. Open 4, 2137189 (2021).

Rainey, A. et al. Validation and deployment of a direct saliva real-time RT-PCR test on pooled samples for COVID-19 surveillance
testing. PLoS One 16, (2021).

Chang, T. et al. A method for campus-wide SARS-CoV-2 surveillance at a large public university. PLoS One 16, (2021).

. Jenkins, H. H. et al. Performance evaluation of a non-invasive one-step multiplex RT-qPCR assay for detection of SARS-CoV-2

direct from saliva. Sci. Rep. 12, 11553 (2022).

Landaverde, L. et al. Buildout and integration of an automated high-throughput CLIA laboratory for SARS-CoV-2 testing on a
large urban campus. SLAS Technol. https://doi.org/10.1016/].SLAST.2022.06.003 (2022).

Ranoa, D. R. E. et al. Mitigation of SARS-CoV-2 transmission at a large public university. Nat. Commun. 13, (2022).

. Mendoza, R. P. et al. Implementation of a pooled surveillance testing program for asymptomatic SARS-CoV-2 infections in K-12

schools and universities. EClinicalMedicine 38, 101028 (2021).

Hamilton, J. R. et al. Robotic RNA extraction for SARS-CoV-2 surveillance using saliva samples. PLoS One 16, (2021).

vander Schaaf, N. A. et al. Routine, Cost-Effective SARS-CoV-2 Surveillance testing using pooled saliva limits viral spread on a
residential college campus. Microbiol. Spectr. 9, (2021).

Klein, Id. et al. Higher education responses to COVID-19 in the United States: Evidence for the impacts of university policy. PLOS
Digital Health 1, €0000065 (2022).

Verwilt, J., Hellemans, J., Sante, T., Mestdagh, P. & Vandesompele, J. Evaluation of efficiency and sensitivity of 1D and 2D sample
pooling strategies for SARS-CoV-2 RT-qPCR screening purposes. Sci. Rep. 12, (2022).

Gallichotte, E. N. et al. Early Adoption of longitudinal surveillance for SARS-CoV-2 among staff in long-term care facilities:
Prevalence, virologic and sequence analysis. Microbiol. Spectr. 9, (2021).

Sanders, R., Mason, D. J., Foy, C. A. & Huggett, J. E. Evaluation of digital PCR for absolute RNA quantification. PLoS One 8, (2013).
Reolo, M. . Y. et al. Saliva ‘treat-and-heat’ triplex reverse transcription loop-mediated isothermal amplification assay for SARS-
CoV-2. J. Biomol. Tech. 32, 186-198 (2021).

Vogels, C. B. E. et al. SalivaDirect: A simplified and flexible platform to enhance SARS-CoV-2 testing capacity. Med (N Y) 2, 263-
280.¢6 (2021).

Yu, E et al. Quantitative detection and viral load analysis of SARS-CoV-2 in infected patients. Clin. Infect. Dis. 71, 793-798 (2020).
Liu, C. et al. Evaluation of droplet digital PCR for quantification of SARS-CoV-2 virus in discharged COVID-19 patients. Aging
12, 20997-21003 (2020).

Park, C. et al. Comparison of DIGITAL PCR and quantitative PCR with various SARS-CoV-2 primer-probe sets. J. Microbiol.
Biotechnol. 31, 358-367 (2021).

Nyaruaba, R. ef al. Digital PCR applications in the SARS-CoV-2/COVID-19 era: A roadmap for future outbreaks. Clin. Microbiol.
Rev. https://doi.org/10.1128/ CMR.00168-21 (2022).

Li, J. et al. Comparison of reverse-transcription QPCR and droplet digital PCR for the detection of SARS-CoV-2 in clinical speci-
mens of hospitalized patients. Diagn. Microbiol. Infect. Dis. 103, (2022).

Dingle, T. C,, Sedlak, R. H., Cook, L. & Jerome, K. R. Tolerance of droplet-digital PCR vs real-time quantitative PCR to inhibitory
substances. Clin. Chem. 59, 1670-1672 (2013).

Rose, D. et al. Saliva-based molecular testing for SARS-CoV-2 that bypasses RNA extraction.https://doi.org/10.1101/2020.06.18.
159434.

. White, D. et al. Investigation of discordant SARS-CoV-2 RT-PCR results using minimally processed saliva. Sci. Rep. 12, (2022).
. Whale, A. S. et al. Digital PCR can augment the interpretation of RT-qPCR Cq values for SARS-CoV-2 diagnostics. Methods 201,

5-14 (2022).

. Zhou, H. et al. A SARS-CoV-2 reference standard quantified by multiple digital PCR platforms for quality assessment of molecular

tests. Anal. Chem. 93, 715-721 (2021).

. Kinloch, N. N. et al. SARS-CoV-2 RNA quantification using droplet digital RT-PCR. J. Mol. Diagn. 23, 907-919 (2021).
. Bio-Rad SARS-CoV-2 ddPCR kit instructions for use for in vitro diagnostic use qualitative assay for use on the QX200 and QXDx

Droplet Digital PCR Systems. (2020).

. Ishak, A., Alrawashdeh, M. M., Esagian, S. M. & Nikas, I. P. Diagnostic, prognostic, and therapeutic value of droplet digital PCR

(ddPCR) in COVID-19 patients: A systematic review. J. Clin. Med. 10, (2021).

. Larremore, D. B. et al. Test sensitivity is secondary to frequency and turnaround time for COVID-19 screening. Sci. Adv. 7, (2021).
. Lai, J. et al. Comparison of saliva and midturbinate swabs for detection of SARS-CoV-2. Microbiol Spectr 10, (2022).
. Smith, R. L. et al. Longitudinal assessment of diagnostic test performance over the course of acute SARS-CoV-2 infection. J. Infect.

Dis. 224, 976-982 (2021).

Savela, E. S. et al. Quantitative SARS-CoV-2 viral-load curves in paired saliva samples and nasal swabs inform appropriate respira-
tory sampling site and analytical test sensitivity required for earliest viral detection. J. Clin. Microbiol. 60, e0178521 (2022).
Borghi, E., Massa, V., Zuccotti, G. & Wyllie, A. L. Testing saliva to reveal the submerged cases of the COVID-19 iceberg. Front.
Microbiol. 12, (2021).

Cornette, M., Decaesteker, B., Martens, G. A., Vandecandelaere, P. & Jonckheere, S. From delta to omicron SARS-CoV-2 variant:
Switch to saliva sampling for higher detection rate. J. Clin. Virol. Plus 2, 100090 (2022).

Marais, G. et al. Saliva swabs are the preferred sample for Omicron detection. medRxiv 2021.12.22.21268246 (2021) doi:https://
doi.org/10.1101/2021.12.22.21268246.

Carrouel, F et al. Saliva quantification of SARS-CoV-2 in real-time PCR from asymptomatic or mild COVID-19 adults. Front.
Microbiol. 12, (2021).

Nyaruaba, R. et al. Developing multiplex ddPCR assays for SARS-CoV-2 detection based on probe mix and amplitude based
multiplexing. Exp. Rev. Mol. Diagn. 21, 119-129 (2021).

Tobik, E. R. et al. Saliva as a sample type for SARS-CoV-2 detection: implementation successes and opportunities around the globe.
Exp. Rev. Mol .Diagn. 1-17 (2022) doi:https://doi.org/10.1080/14737159.2022.2094250.

Gallichotte, E. N. et al. Detection of SARS-CoV-2 in exhaled air using non-invasive embedded strips in masks. Am. J. Infect. Control
50, 890-897 (2022).

Batéjat, C., Grassin, Q., Manuguerra, J. C. & Leclercq, I. Heat inactivation of the severe acute respiratory syndrome coronavirus
2. ]. Biosaf. Biosecur. 3,1 (2021).

Scientific Reports|  (2023) 13:3075

https://doi.org/10.1038/s41598-023-29858-5 nature portfolio


https://doi.org/10.3791/64008
https://doi.org/10.1016/J.SLAST.2022.06.003
https://doi.org/10.1128/CMR.00168-21
https://doi.org/10.1101/2020.06.18.159434
https://doi.org/10.1101/2020.06.18.159434
https://doi.org/10.1101/2021.12.22.21268246
https://doi.org/10.1101/2021.12.22.21268246
https://doi.org/10.1080/14737159.2022.2094250

www.nature.com/scientificreports/

54. Nyaruaba, R. et al. One-step reverse transcription droplet digital PCR protocols for SARS-CoV-2 detection and quantification.
Methods Mol. Biol. 2452, 147-166 (2022).

55. Israeli, O. et al. Evaluating the efficacy of RT-qPCR SARS-CoV-2 direct approaches in comparison to RNA extraction. Int. J. Infect.
Dis. 99, 352-354 (2020).

56. R2019b - Updates to the MATLAB and Simulink product families - MATLAB & Simulink. https://www.mathworks.com/produ
cts/new_products/release2019b.html.

Acknowledgements

We thank Cory Hudson for excellent data management support and guidance and Heather Pidcoke and Jo Rup-
precht for helpful advice and enduring support of the MP4 testing team. This work was funded by the CSU Office
of the Vice President for Research and the federal Coronavirus Aid, Relief, and Economic Security (CARES) Act.

Author contributions

K.W,, PE, E.G., and M.D.Z. conceived of the MP4 assay. P.F, A.E,, and B.F. performed the modeling simulations.
K.W,, K.O.,, B.B. and M.D.Z. wrote the manuscript. H.T. and M.R. organized IRB recruitment and consent. K.W.,
PE, E.G, WH,, AM,, KO, DB, PS, AL, D.G, AT,LD,]J. M.-D,, HS., KR, MW, ].C,, G.G,, C.C, AK,
B.B. and M.D.Z. developed, optimized and performed the assay, collected data and provided critical feedback
on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-29858-5.

Correspondence and requests for materials should be addressed to M.D.Z.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:3075 | https://doi.org/10.1038/541598-023-29858-5 nature portfolio


https://www.mathworks.com/products/new_products/release2019b.html
https://www.mathworks.com/products/new_products/release2019b.html
https://doi.org/10.1038/s41598-023-29858-5
https://doi.org/10.1038/s41598-023-29858-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A multiplexed, paired-pooled droplet digital PCR assay for detection of SARS-CoV-2 in saliva
	Results
	Description of the MP4 assay. 
	Deconvolution of positive pools. 
	Limit of detection. 
	Comparison to FDA-approved test. 
	Example experiment. 
	Comparisons between pooled and individual SARS-CoV-2 positive saliva samples. 
	4-versus 8-sample pooling. 
	Three-dimensional (3D) pooling. 

	Discussion
	Methods
	Human subject data. 
	Saliva collection. 
	Sample preparation and pooling. 
	Reverse transcription droplet digital PCR (RT-ddPCR). 
	Controls. 
	Data analysis, deconvolution, and reruns. 
	Limit of detection (LOD). 
	Pooling simulations and deconvolution. 

	References
	Acknowledgements


