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ABSTRACT Optimizing specimen collection methods to achieve the most reliable SARS-
CoV-2 detection for a given diagnostic sensitivity would improve testing and minimize
COVID-19 outbreaks. From September 2020 to April 2021, we performed a house-
hold-transmission study in which participants self-collected specimens every morning
and evening throughout acute SARS-CoV-2 infection. Seventy mildly symptomatic
participants collected saliva, and of those, 29 also collected nasal swab specimens.
Viral load was quantified in 1,194 saliva and 661 nasal swab specimens using a high-
analytical-sensitivity reverse transcription-quantitative PCR (RT-qPCR) assay. Viral loads in
both saliva and nasal swab specimens were significantly higher in morning-collected
specimens than in evening-collected specimens after symptom onset. This aspect of the
biology of SARS-CoV-2 infection has implications for diagnostic testing. We infer that
morning collection would have resulted in significantly improved detection and that this
advantage would be most pronounced for tests with low to moderate analytical sensitiv-
ity. Collecting specimens for COVID-19 testing in the morning offers a simple and low-
cost improvement to clinical diagnostic sensitivity of low- to moderate-analytical-sensitivity
tests.

IMPORTANCE Our findings suggest that collecting saliva and nasal swab specimens
in the morning immediately after waking yields higher SARS-CoV-2 viral loads than col-
lection later in the day. The higher viral loads from morning specimen collection are
predicted to significantly improve detection of SARS-CoV-2 in symptomatic individuals,
particularly when using moderate- to low-analytical-sensitivity COVID-19 diagnostic tests,
such as rapid antigen tests.

KEYWORDS COVID-19, pandemic, diagnostic, screening, analytical sensitivity, outpatient,
ambulatory, circadian rhythm, specimen collection, viral load, sample collection

Ithough vaccination has substantially reduced hospitalizations and death from COVID-19,

limited vaccine uptake and availability and the potential for breakthrough infections
(particularly with novel viral variants) support the continued necessity for diagnostic testing
and subsequent isolation of infected individuals (1, 2). Optimizing how diagnostics are used
can enhance our ability to combat the COVID-19 pandemic.

Nasopharyngeal swab, anterior nares swab, midturbinate swab, oropharyngeal swab,
buccal swab, gingival crevicular fluid, sputum, tracheal aspirate, and saliva have all been
utilized and compared as diagnostic specimens for the detection of SARS-CoV-2 infection.
Work done by many groups (3-5), including ours (6), has suggested that SARS-CoV-2 is
detectable, albeit at low viral loads, in saliva before anterior nares nasal swab specimens.
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FIG 1 Saliva and nasal swab specimens collected in the morning and evening through the course of infection demonstrate differences in
SARS-CoV-2 viral load. Black lines on each plot indicate the average viral load for each daily morning or evening specimen collection
window. (A) Saliva specimen viral load (SARS-CoV-2 N1 copies/milliliter of saliva) as measured by RT-qPCR is plotted relative to symptom
onset for 1,194 specimens. (B) Nasal swab specimen viral load (N7 copies/milliliter of swab buffer) as measured by RT-qPCR is plotted relative
to symptom onset for 661 specimens. Specimens were designated morning (orange) if collected between 4 am. and 12 p.m. or evening
(purple) if collected between 3 p.m. and 3 a.m. ND, not detected. Additional specimen details are provided in the supplemental material.

However, conflicting results have been reported in head-to-head comparisons of saliva
to other specimen types in cross-sectional studies.

Lack of clarity on which specimen type is most reliable for SARS-CoV-2 detection is likely
due to the dynamic nature of viral loads in different specimen types through the course of an
infection (3, 6-11) and the differences in analytical sensitivity of diagnostic assays used in the
comparisons. Currently available SARS-CoV-2 diagnostics span a wide (6 orders of magnitude)
range of analytical sensitivities, from the reverse transcription-PCR (RT-PCR) PerkinElmer new
coronavirus nucleic acid detection kit (limit of detection [LOD] of 180 nucleic acid amplification
test detectable units [NDU]/mL) (12) to the Coris BioConcept rapid antigen lateral flow assay
COVID-19 Ag Respi-Strip (LOD of ~4 x 107 copies/mL) (13). Tests with relatively moderate an-
alytical sensitivity (LOD of 10* to 10° copies/mL of specimen) or low analytical sensitivity (LOD
of 10° to 108 copies/mL of specimen) are being increasingly used, particularly for at-home and
rapid screening testing and in areas of the world with limited laboratory capacity (14-16).

How specimens are collected can also affect the detectability of SARS-CoV-2 in a specimen.
Because SARS-CoV-2, like other pathogens, may exhibit circadian rhythms to replication
kinetics (17, 18), we hypothesized that collection time may impact SARS-CoV-2 viral load in
respiratory specimens and therefore detectability of infection. Simple, low-cost changes to spec-
imen collection protocols that significantly improve the clinical sensitivity of COVID-19 diagnos-
tics offer an immediately actionable opportunity to improve existing diagnostics, which would
be particularly valuable in settings that rely on tests with low analytical sensitivity.

We conducted a COVID-19 household transmission study (9, 19) where participants
prospectively self-collected saliva and nasal swab specimens twice per day (in the morning
and in the evening). From mildly symptomatic participants, we compared SARS-CoV-2 viral
loads in morning- and evening-collected specimens to determine if the time of day affected
viral load, and if this could be leveraged to improve detection of SARS-CoV-2 infection.

RESULTS

Timing of morning and evening specimen collection. Viral load was quantified in
1,194 saliva specimens from 70 individuals and 661 nasal swab specimens from 29 individuals
(Fig. 1). The distribution of collection times was roughly bimodal. Although each participant’s
specimen collection time varied slightly throughout enrollment, nearly all (92%) participants
had an average morning specimen collection time between 7 am. and 10 a.m. Evening collec-
tion time was more variable, but most participants (74%) had an average specimen collection
time between 8 p.m. and 11 p.m. These patterns were used to delineate the morning and eve-
ning periods in the study: we defined sampling upon waking (4 am. to 12 p.m.) as morning
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and sampling before bed (3 p.m. to 3 a.m.) as evening (see Fig. S1 in the supplemental
material).

Saliva and nasal swab specimens exhibit higher viral loads in morning than evening
collection across the course of acute, symptomatic illness. Saliva and nasal swab viral
load profiles from most individuals (Fig. S2 and S3) revealed a pattern of higher viral loads in
specimens collected in the morning than in those collected in the evening. In specimens
from some individuals (e.g., Fig. S2A and S3E), fluctuations in both SARS-CoV-2 and human
RNase P markers were observed, whereas in others RNase P remained stable and SARS-CoV-2
viral load appeared to be independent of the host marker (e.g., Fig. S2AH and S3N).

Although direct comparison between all positive morning or evening specimens demon-
strates greater target abundance for both SARS-CoV-2 N7 (Fig. S4A and C) and human RNase
P (Fig. S4B and D), this comparison would be skewed by participants who contributed
more specimens and biased by sampling at different stages of the infection. To minimize
these potential biases, the time of each specimen collection was aligned relative to the
date of symptom onset for that participant before plotting both individual viral load data-
points (Fig. S2 and S3) and the average of log-transformed viral load values (Fig. 1A and B)
for all saliva and nasal swab specimens in 12 hour time bins.

The averaged salivary viral load during each collection time point visually suggests
higher viral loads in specimens collected in the morning than in the evening during both
the presymptomatic and symptomatic phases of infection. This pattern was less apparent in
the averaged nasal swab viral loads but can be seen when comparing the N7 threshold cycle
(Cp) values between successive time points by calculating differences in C; (Fig. 2A and B).
Only reverse transcription-quantitative PCR (RT-qPCR) C; values for pairs of successively col-
lected morning-to-evening or evening-to-morning specimen were used to calculate the C;
difference; negative or indeterminate specimens were included only if directly followed by a
positive specimen collected in the presymptomatic phase of infection. A negative difference
in C; values indicates that viral load was increasing relative to the previous measurement,
whereas a positive difference indicates that viral load was decreasing relative to the previous
measurement. Starting from symptom onset (day 0), saliva specimens collected in the morn-
ing typically exhibited a negative difference in C; values relative to their preceding evening
specimens, whereas evening specimens consistently had a positive difference in C; values
relative to their preceding morning specimens. This indicates that throughout the course of
symptomatic infection, morning specimens typically result in relatively lower C; values
(higher viral loads) than evening specimens.

To further illustrate the pattern observed in viral loads and changes in C; values, specimens
were binned by infection stage: prior to symptom onset and in 4-day intervals relative to
symptom onset. The 4-day interval was selected to capture reasonable resolution for infec-
tion stage while also providing sufficient measurements to observe potential differences.
Significantly higher morning viral loads were not observed prior to symptom onset in ei-
ther specimen type in the limited number of specimens collected during this period.
However, significantly higher viral loads (P < 0.05, Wilcoxon matched-pair signed-rank
test) were observed in saliva specimens collected in the morning for the first 16 days of
symptomatic infection (Fig. 2C). Differences in C; values were also significantly lower
(P < 0.05, Wilcoxon matched-pair signed-rank test) in morning nasal swab specimens from
day 4 to day 16 of symptomatic infection (Fig. 2D). Of note, nasal swab viral load appears to
increase more quickly to peak than does salivary viral load (Fig. TA and B), and nasal
swabs also achieve higher peak viral loads (Fig. S4C) than does saliva (Fig. S4A); the high
rate of increase in viral load in nasal swabs likely obscures subtle daily fluctuations that are
more apparent in saliva, where viral load rises more gradually (19). Nasal swabs appear to also
be subject to more sampling variability (Fig. S3 and S4D) than saliva (Fig. S2 and S4B), evi-
denced by RNase P control marker C; values.

Saliva and nasal swab viral loads in the range of moderate- and low-sensitivity tests
underscore utility of morning sampling. The observed higher viral loads in specimens
collected in the morning upon waking than in those collected later in the day led us to
hypothesize that sampling in the morning could detect significantly more infected individu-
als than sampling in the evening. Because viral loads rise and decline throughout the course
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FIG 2 Morning viral loads are significantly higher than evening viral loads during most of SARS-CoV-2 infection. (A and B) The difference in N7 C; values
(AG) in 703 morning-to-evening and evening-to-morning successive saliva specimen pairs (A) and 365 morning-to-evening and evening-to-morning successive nasal
swab specimen pairs (B), plotted relative to symptom onset. One point in panel A and one point in panel B had AC; values outside the y axis of the plot; these are
represented as black stars at —15. (C and D) The difference in N7 C; values in 703 morning-to-evening and evening-to-morning sequential saliva (C) and nasal swab
(D) specimen pairs relative to symptom onset. Morning-to-evening or evening-to-morning AC; values were then binned into presymptomatic or 4-day infection
stages. The distributions of morning-to-evening and evening-to-morning AC; values for each infection stage bin were then statistically compared using the Wilcoxon
matched-pair signed-rank test; ns, nonsignificant or insufficient data points to perform analysis; *, P < 0.05; **, P < 0.01; ****, P < 0.001. Black lines indicate average
viral load. ND, not detected.

of the infection (Fig. 1), we assessed this hypothesis during discrete 4-day time bins follow-
ing symptom onset. The presymptomatic period was not assessed, as few specimens from
this period were available for analysis. Additionally, because COVID-19 diagnostics have ana-
lytical sensitivities that span several orders of magnitude, we tested this hypothesis for
assays with limits of detection (LODs) of 103, 10% 105, 10°, 107 copies/mL; quantitative viral
loads measured in each specimen were used to predict whether each specimen would reli-
ably yield a positive result when tested by an assay of each LOD. For each time bin and
each LOD, we generated two-by-two matrices to assess the detectability of morning or eve-
ning sampling within pairs of sequentially collected morning-to-evening (Fig. 3) specimens.
Each time bin and LOD that did not contain at least 10 positive samples from saliva or nasal
swab were excluded from this analysis.

For saliva specimens, the advantage of morning sampling was statistically significant in all
but two comparisons (Fig. 3A); the two comparisons for which a nonsignificant advantage
was observed occurred in the first 4 days of infection, at the LODs of the lowest- and highest-
analytical-sensitivity assays (LODs of 10° and 10° copies/mL, respectively). As LOD increases,
fewer pairs are predicted to have detectable virus in either the morning or evening specimen;
for this reason, confidence intervals widen as the LOD increases, which results in decreased
power to detect significant differences in detection by assays with higher LODs. Additionally,
assays with lower LODs are able to reliably detect lower viral concentrations, decreasing the
impact of fluctuations in viral load from morning to evening sampling on detection.

Month YYYY Volume XX Issue XX 10.1128/spectrum.03873-22 4

Downloaded from https://journal s.asm.org/journal/spectrum on 26 October 2022 by 131.215.249.182.


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.03873-22

Morning Samples Improve COVID-19 Detection

Microbiology Spectrum

(A) Saliva Timebin from Symptom Onset
Days 0 to 4 Days 4 to 8 Days 8 to 12 Days 12 to 16
P T e T T I T e T e P e I
90 [ i i 90 [f B n 90 [ i 900
a ]
S 80 { 80 f 80 'I' 80 ?
w 70 70 70 70
o 60 60 60 60
< 50 50 50 50
§ 40 40 40 40
g 30 30 30 30
20 20 20 20
= 10 10 10 10 X X
0—— T T T 0—— T T T 00— T T T 0—— T T T
3 4 5 6 3 4 5 6 3 4 5 6 3 4 5 6
Evening: Assay Limit of Detection (log10 copies/mL)
Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Ne;
Moming.§113|9 92|17 [[62]18 || 23[21| 38[153|18 [[121] 33][ 54| 43][ 13]27| 3[ra0[22][s5]aa][2a]32 ] 27 | Sla3 |27 15|16 0 |3 | o0 oj'|
"53] 61| afasl[1a]rs] £]6 105 28] o [s1]l 7 [1a0] E[7 |38 5|73 ] 7 [125|| 1 [176] Z[a [35] 4 [7a ]| 2 [a04] o0 |109]
(B) Nasal Swab Timebin from Symptom Onset
Days 0 to 4 Days 4 to 8 Days 8 to 12 Days 12 to 16
0.13 0.31 0.25 0.50 0.50 0.50 0.50 0.03 0.03 <0.01 0.03 0.01 <0.01 0.02
1000 Ty T T 1 17 100903 F I’_‘ T 100 T o 004 1
o 90 90-] ‘I[ 90 T T 90
9 804 T 80 T 80 so-_T
= 70 70 70 70
o 604 60 60 60+
2 504 50 50 50
T 40 40 40 40
g 30 30 30 30
20 20 20 20
= 10 10 10 10 X X
0= T T T T 0—— T T T T 0——— T T 00—
3 4 5 6 7 3 4 5 6 7 3 4 5 3 4 5
Evening: Assay Limit of Detection (log10 copies/mL)
Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg Pos Neg
. 8lig| o 16f2 [[25]| 0o fl23|2 [[10{3 | 2|ae| 1 [fa3] 2|[38] 5[ 25({12|f 6 [15]| 8355 [[20[23][ 7 [26] E]9 |8 3[4 |[o |2
Morning: ) o) u) ug
23 |6 3|7]2|w0f 2f1r) 2|12 2|6 |10 2|9 o[22 3|16 2 (32| 2lo |7 |[3[aa]f2]23] 2|2 [22]2(22]0 |27
DMorning I Evening Specimens High- Moderate- Low-
In Morning-To-Evening Pair Analytical-Sensitivity LOD Range

FIG 3 Morning saliva or nasal swab specimen collection yields improved detection across infection stages and assay analytical sensitivities. For each 4-day time bin
relative to symptom onset, pairs of sequentially collected morning-to-evening specimens were assessed. In each pair, the viral load in each specimen was used to
predict a positive or negative result if tested by an assay with a given limit of detection (LOD) below or above the viral load, respectively. Bar plots show the fraction
of pairs with a positive result in either the morning or evening specimen that would be detectable if the morning specimen (orange) or evening specimen (purple)
were tested at a given LOD. Error bars indicate the 95% confidence interval. Bars are not shown (X) when fewer than 10 pairs had positive results at the given LOD
during the infection time bin. Among LODs and infection time bins with more than 10 positive pairs, the percents detectable for morning versus evening specimens
were compared by an upper-tailed McNemar exact test, applied to the 2 x 2 table shown below each comparison. Resulting P values are shown above each
comparison. Boldfaced values indicate significantly higher detection with morning sampling than with evening sampling. Analysis was performed on saliva specimens
(A) and nasal swab specimens (B). Equivalent analysis for evening-to-morning pairs is shown in Fig. S5 in the supplemental material. Pos, positive; Neg, negative.

Morning sampling with nasal swab specimens also exhibited an advantage over evening
sampling after 4 days from symptom onset, for all LODs (Fig. 3B). In the first 4 days of infec-
tion, a nonsignificant advantage of evening over morning sampling was observed; in this
phase of the infection, viral loads in nasal swab specimens typically rise rapidly from unde-
tectable to high (Fig. 1). Therefore, during this rapid rise, the specimen collected later within
a pair of successively collected specimens would improve detection; indeed, when morning-
to-evening pairs were assessed (Fig. 3), the later (evening) time point had improved detection
but when evening-to-morning pairs were assessed (Fig. S5), the later (morning) time point
resulted in improved detection.

Similarly, when viral loads are declining, one may expect the earlier time point within
a pair of successively collected specimens to exhibit improved detection. We assessed whether
this effect was responsible for the improved performance of morning sampling over evening
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sampling when pairs of successively collected morning-to-evening specimens were compared
by performing an equivalent analysis of pairs of successively collected evening-to-morning
specimens (Fig. S5). Even with evening-to-morning pairing, morning sampling exhibited an
advantage over evening sampling for all comparisons with saliva and nearly all comparisons
with nasal swabs. In the three of 12 comparisons where morning sampling with nasal swabs
did not exhibit an advantage, two comparisons had equivalent detection by morning or eve-
ning sampling, and in the third comparison evening sampling exhibited only a nonsignificant
advantage of less than 2% over morning sampling.

This supports that the advantage of morning sampling over evening sampling for
both saliva and nasal swabs was robust to whether the morning specimen is collected prior to
or following the evening specimen. These results suggest that collecting saliva or nasal
swab specimens for SARS-CoV-2 testing in the morning, immediately after waking, can signifi-
cantly improve detection of symptomatic, infected individuals.

DISCUSSION

In this study, we quantitatively measured SARS-CoV-2 viral load with high frequency
(twice per day) longitudinally through the course of mild COVID-19 infection in saliva for 70
individuals and in nasal swabs for 29 individuals. From these measurements, we identified a
pattern of higher viral loads in saliva and nasal swab specimens collected in the morning af-
ter waking than in those collected in the evening. Although similar observations have been
reported for nasopharyngeal swabs (20, 21), early-morning versus spot oropharyngeal speci-
mens (22), and early-morning saliva versus nasopharyngeal swabs (23) and in wastewater
surveillance (24), our study is unique and clinically relevant for three reasons: (i) we meas-
ured viral load in specimen types relevant to at-home testing using a high-analytical-sensitiv-
ity RT-gPCR assay, which enabled us to infer the performance of diagnostic tests of different
analytical sensitivities at each stage of infection; (i) we collected specimens at high temporal
resolution (morning and evening) longitudinally for 2 weeks, starting from early in the course
of the infection via prospective sampling of high-risk populations; and (iii) our study provides
the largest data set to date that investigates daily patterns in SARS-CoV-2 viral loads, with
1,194 saliva and 661 nasal swab specimens collected longitudinally. From these data, we find
compelling evidence that collecting samples for COVID-19 testing in the morning upon wak-
ing can significantly improve detection of infected individuals.

The biological and physiological reasons for higher SARS-CoV-2 viral loads in the morning
remain unknown but may be due to accumulation of viral material overnight or related to viral
replication and immune function. Similar to the improved performance of at-home pregnancy
tests with morning urine due to accumulation of human chorionic gonadotropin (25),
improved detection of SARS-CoV-2 may be the result of physical accumulation of material (e.g.,
cells, virions, and nucleic acids) in the upper respiratory tract due to supine positioning (aiding
mucociliary clearance) and/or the decreased rate of swallowing at night (26). Higher morning vi-
ral loads being due to physical accumulation of nucleic acids is supported by an increased
abundance of the constitutive human RNase P target in saliva and nasal swab specimens col-
lected in the morning (see Fig. S2A and S3A in the supplemental material). Human salivary pro-
duction decreases overnight (27), suggesting that higher morning viral loads could be due to a
concentration of virus when saliva volume is lower. Given that some individuals exhibit this phe-
nomenon independently of human RNase P target abundance (Fig. S2B and S3B), a circadian
rhythm in viral replication may also contribute. Regulation and responsiveness of the immune
system have been linked to circadian rhythms (28, 29), shown to affect SARS-CoV-2 infection of
monocytes in cell culture (30) and proposed as a modulating factor for COVID-19 severity and
management (31). Others have proposed cellular interactions between viral proteins and circa-
dian rhythm-dependent host signals (32) and demonstrated circadian rhythm-dependent entry
and proliferation of SARS-CoV-2 in lung epithelial cell types in culture (33). Regardless of mech-
anism, because higher viral loads are associated with replication-competent culturable virus
(34, 35), these findings may also suggest a higher risk of transmission in the morning.

As many individuals remain unvaccinated and new variants emerge, it remains critical
to identify infections, promptly isolate infected persons, trace and quarantine contacts, and
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initiate early treatment to improve efficacy. Much of the world lacks access to tests with
high analytical sensitivity (36-38). Our findings suggest that strategically collecting speci-
mens in the morning immediately after waking up may improve the performance of available
low- to moderate-analytical-sensitivity tests. Morning sampling will not raise the performance
of tests with low analytical sensitivity to the levels of those with higher analytical sensitivity;
however, even marginal improvements in detection have been shown to reduce deaths from
COVID-19 (39).

This study is subject to five main limitations. First, we had a limited number of specimens
collected prior to the onset of symptoms, limiting our ability to discern a difference in detect-
ability with morning or evening specimens during the presymptomatic phase of infection.
Second, this study was performed prior to the dominance of the Delta and Omicron variants
of SARS-CoV-2, which may exhibit different viral load kinetics. Host factors, including vacci-
nation status, may also influence viral load kinetics; nearly all individuals in this cohort were
unvaccinated. Third, specimens were self-collected without supervision and thus may have
had a different quality from those collected by a health care professional. However, many
COVID-19 diagnostics in use utilize self-collected specimens, and measurements of the
human RNase P gene suggest consistent sampling without failure to collect sufficient mate-
rial. Fourth, we quantified viral load using RT-qPCR with SARS-CoV-2 N gene target. Many
COVID-19 diagnostics utilize N gene targets, and N gene viral loads have been shown to
track with other gene targets, suggesting that N gene quantification to viral load conver-
sion would be representative to demonstrate a general phenomenon relevant for diagnos-
tics detecting other viral targets. Fifth, this analysis involves inferring positivity by assays
with various analytical sensitivities (LODs), based on the quantitatively measured viral loads.
A direct comparison with a specific test is needed to test real-world efficacy.

MATERIALS AND METHODS

Study design. Participants were recruited for participation in a COVID-19 household transmission
study as previously described (9, 19). Briefly, if at least one member of a household with 2 or more persons had a
positive COVID-19 test result within 7 days or was suspected to be positive, all household members aged 6 years
and older were eligible to participate. Participants began collecting saliva or saliva and nasal swab specimens on
the evening of enrollment and each subsequent morning and evening (as described below). COVID-19-like symp-
toms were reported via questionnaire with each specimen collection time point.

For participants who were SARS-CoV-2 positive when initially enrolled in the study, symptom onset was
defined as the date of first symptoms reported in an enrollment questionnaire. For participants who entered
the study SARS-CoV-2 negative but had unrelated symptoms, symptom onset was the first instance of a new
COVID-19-like symptom or an increase in symptom severity following their first SARS-CoV-2-positive specimen.

Specimen collection. Participants self-collected anterior nares nasal swab and saliva specimens in
the Spectrum SDNA-1000 saliva collection kit (Spectrum Solutions LLC, Draper, UT), at home twice per
day (after waking up and before going to bed), per manufacturer’s guidelines (although Spectrum devices are
not currently authorized for the collection of nasal swab specimens). One participant self-collected both ante-
rior nares nasal swab and saliva specimen in Nest viral transport medium (VTM) (catalog no. NST-NST-202117;
Stellar Scientific, Baltimore, MD), and three individuals collected their nasal swab specimens in VTM and their
saliva specimens in the Spectrum SDNA-1000 saliva collection kit. Participants were instructed not to ingest
anything, smoke, or brush their teeth for at least 30 min prior to collection. For nasal swab collection, partici-
pants were asked to gently blow their noses before swabbing (four complete rotations with gentle pressure in
each nostril) with sterile flocked swabs. A parent/guardian assisted minors with collection. At collection, partici-
pants recorded the date and time and any symptoms experienced in the previous 12 h. Specimens collected
between 4 am. and 12 p.m. were defined as morning; specimens collected between 3 p.m. and 3 a.m. were
defined as evening (see Fig. S1 in the supplemental material).

Cohort of individuals with SARS-CoV-2 infection. Between September 2020 and April 2021, 72 par-
ticipants from 39 households in southern California had acute SARS-CoV-2 infection. Of these, 2 never reported
experiencing symptoms and were not included in subsequent analyses where viral loads are aligned with date
of symptom onset. Of the 70 symptomatic individuals from 37 households included in the analyses (Table 1),
all 70 collected saliva specimens while a subset of 29 individuals collected both saliva and nasal swab speci-
mens every morning and every evening while enrolled, from which we quantified viral loads.

Individuals were enrolled at various stages of infection. Of the 70 infected, symptomatic individuals,
58 were positive for SARS-CoV-2 in the first saliva or saliva and nasal swab specimen collected upon enrollment
while 12 were initially negative but became positive while enrolled in the study; of these 12 individuals, 7 were
collecting both saliva and nasal swabs, and the viral loads and symptoms of these individuals have been previ-
ously reported (6). Of the 58 cases positive on enrollment, 50 (86.2%) were already experiencing mild COVID-
19-like symptoms and 8 (13.8%) were presymptomatic. Of the 20 individuals who were either presymptomatic
(8) or negative for SARS-CoV-2 (12) on enrollment, COVID-19 symptom onset occurred an average of 1.2 days
after the first SARS-CoV-2-positive saliva specimen.
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TABLE 1 Demographic and medical information on participants®

Participants contributing specimen type(s):

Saliva Saliva and nasal
(n=70) swabs (n = 29)
Demographic or medical characteristic No. % No. %
Sex®
Male 25 35.7 9 31.0
Female 45 64.3 20 69.0
Age, yr
6-11 6 8.6 1 34
12-17 9 129 4 13.8
18-24 9 129 3 103
25-35 17 243 10 345
36-45 12 17.1 3 103
46-55 1 15.7 6 20.7
56-65 5 7.1 2 6.9
65+ 1 1.4 0 0.0
Race
Asian/Pacific Islander 6 8.6 2 6.9
Black/African American 2 29 2 6.9
Native American 0 0.0 0 0.0
White 33 471 15 51.7
Multiple races 4 57 3 10.3
Other/unknown® 25 357 7 24.1
Ethnicity
Hispanic 52 743 21 724
Non-Hispanic 17 243 8 27.6
Unknown 1 14 0 0.0
Tobacco smoker or vape user history
Current 5 7.1 3 10.3
Former 15 21.4 9 31.0
Never 43 61.4 16 55.2
Unknown 7 10.0 1 34
Active medications and supplements
Vitamins/supplements 47 67.1 21 724
Acetaminophen/NSAIDs 33 47. 13 448
Allergy medications/antihistamines 1 15.7 3 10.3
Antibiotics/antivirals 3 43 0 0.0
Steroid drug 3 43 1 34
Medical comorbidities
Asthma 6 8.6 1 34
Anxiety or depression 4 5.7 2 6.9
Diabetes 4 57 3 10.3
Obesity 4 57 2 6.9
Hypertension 3 43 1 34
Immunocompromise 0 0.0 0 0.0
SARS-CoV-2 vaccination status®
Partially vaccinated 1 1.4 1 34
Completed vaccination 0 0.0 0 0.0
No vaccines reported 69 98.6 28 96.6

aDemographic and medical information on participants was collected via online questionnaire upon study
enrollment. All participants (n = 70) collected saliva; of these 70 individuals, 29 additionally collected nasal
swabs.

bParticipants were asked to report both sex assigned at birth and current gender identity; all 70 participants in
this cohort reported cisgender identities.

<A total of 10 individuals contributing saliva and 2 individuals contributing both saliva and nasal swabs indicated
“Other” in the race field and wrote in “Hispanic” or “Latinx/Latina/Latino.”

4NSAIDs, nonsteroidal anti-inflammatory drugs. This number includes 2 individuals (each contributing both
saliva and nasal swabs) who indicated they were taking a pain-relieving medication but did not specify the
type.

eComplete vaccination was considered a two-dose series of Pfizer-BioNTech (COMIRNATY) or Moderna
(Spikevax) COVID-19 vaccines or one dose of Johnson & Johnson’s Janssen COVID-19 vaccine.
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The mean age of the saliva cohort was 32.8 years (standard deviation [SD], £16.0 years), and the mean
age was 33.9 years (SD, =15.2 years) among those collecting both saliva and nasal swabs. Health conditions
and medications that may have impacted viral load kinetics are provided for individual participants in the sup-
plemental material. No participants required hospitalization. At the time of these participants’ enroliment in
the study (September 2020 to April 2021), vaccines were either unavailable or limited to priority groups. Only
one individual (Fig. S2H and S3H) reported receiving a COVID-19 vaccine (first dose of Pfizer-BioNTech COVID-
19, ~3 weeks before enrollment).

Extraction and quantification of viral load by RT-qPCR. Specimen processing was performed as
previously described (9). Briefly, 400 or 200 uL of fluid from each saliva or nasal swab specimen, respec-
tively, was extracted using the MagMAX Viral/Pathogen nucleic acid isolation kit (ThermoFisher Scientific;
catalog no. A42352), followed by the CDC 2019-novel coronavirus (2019-nCoV) real-time RT-PCR diagnostic
panel, which targets the SARS-CoV-2 N7 and N2 genes, as well as a human RNase P control. N7 gene C; values
were converted to viral load using an equation derived from a standard curve of heat-inactivated SARS-CoV-2
particles spiked into human specimen matrix validated previously by independent RT-double differential PCR
(ddPCR) measurement (6).

Statistical analyses. Initial processing was performed in Python v3.8.2, with calculation of log-trans-
formed averages (Fig. 1). Data were exported, and differences in C; from sequential specimens were calcu-
lated in Microsoft Excel (Fig. 2A to D). Plots were prepared in GraphPad Prism 9.2.0, including calculation of
medians (Fig. 2). For comparison of the differences between morning and evening viral loads and differen-
ces in C; values, the Wilcoxon matched-pair signed-rank test was performed using GraphPad (Fig. 2). An
upper-tailed McNemar test to compare inferred percentages of infections detectable by assays with vari-
ous LODs for specimens collected in the morning or evening (Fig. 3 and Fig. S5) was performed in Python
v3.8.2 using the scipy.stats package (40).

Data availability. The data underlying the results presented in the study are available at CaltechDATA at
https://data.caltech.edu/records/20049.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.3 MB.
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