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ABSTRACT OF THE DISSERTATION 

Environmental Monitoring as a Means for Understanding SARS-CoV-2 Impacts 

on the Human and Built Environment Microbiome 

 

by 

 

Victor J. Cantú 

 

Doctor of Philosophy in Bioengineering 

University of California San Diego, 2022 

Professor Rob Knight, Chair 

 

Monitoring severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) on 

surfaces is emerging as an important tool for identifying past exposure to individuals 

shedding viral RNA. Because humans are a dominant source of microbial input into built 

environment samples, and because SARS-CoV-2 is known to modify the human 

microbiome, better technologies for reading out both SARS-CoV-2 specifically and the 

microbiome in general are required. Because the Knight lab has focused on obtaining 



   

 

 

xviii 

bacterial, archaeal, and fungal communities from built environment biospecimens for the 

last 15 years, and because of my own experience working with surface samples from 

schools as part of the SASEA (Safer at School Early Alert) program, my thesis focuses 

on improving methods for SARS-CoV-2 detection from built environment specimens, and 

relating these results to the rest of the microbiome as determined by more established 

methods such as 16S rRNA amplicon sequencing using the Earth Microbiome Project 

protocols, developed in the Knight lab. 

In order to develop practical methods for obtaining SARS-CoV-2 loads on surfaces 

that are applicable not only to schools (the focus of SASEA) but to other settings including 

residential elder care, hospitals, and prisons, my thesis takes a systems engineering 

approach to surface sampling. Specifically, we need to know how to sample (including 

solving issues with signal persistence), how to perform the biospecimen collection and 

molecular assays, and where in the environment to sample to optimize signal.  
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Chapter 1. Analysis of SARS-CoV2 RNA persistence across 

indoor surface materials reveals best practices for 

environmental monitoring programs 

 

Abstract 

Environmental monitoring in public spaces can be used to identify surfaces 

contaminated by persons with COVID-19 and inform appropriate infection mitigation 

responses. Research groups have reported detection of Severe Acute Respiratory 

Syndrome Coronavirus 2 (SARS-CoV-2) on surfaces days or weeks after the virus has 

been deposited, making it difficult to estimate when an infected individual may have shed 

virus onto a SARS-CoV-2 positive surface, which in turn complicates the process of 

establishing effective quarantine measures. In this study, we determined that reverse 

transcription-quantitative polymerase chain reaction (RT-qPCR) detection of viral RNA 

from heat-inactivated particles experiences minimal decay over seven days of monitoring 

on eight out of nine surfaces tested. The properties of the studied surfaces result in RT-

qPCR signatures that can be segregated into two material categories, rough and smooth, 

where smooth surfaces have a lower limit of detection. RT-qPCR signal intensity (average 

quantification cycle (Cq)) can be correlated to surface viral load using only one linear 

regression model per material category. The same experiment was performed with 

untreated viral particles on one surface from each category, with essentially identical 

results. The stability of RT-qPCR viral signal demonstrates the need to clean monitored 
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surfaces after sampling to establish temporal resolution. Additionally, these findings can 

be used to minimize the number of materials and timepoints tested and allow for the use 

of heat-inactivated viral particles when optimizing environmental monitoring methods. 

 

Importance 

Environmental monitoring is an important tool for public health surveillance, 

particularly in settings with low rates of diagnostic testing. Time between sampling public 

environments, such as hospitals or schools, and notifying stakeholders of the results 

should be minimal, allowing decisions to be made towards containing outbreaks of 

coronavirus disease 2019 (COVID-19). The Safer At School Early Alert program (SASEA) 

[1], a large-scale environmental monitoring effort in elementary school and child care 

settings, has processed >13,000 surface samples for SARS-CoV-2, detecting viral 

signals from 574 samples. However, consecutive detection events necessitated the 

present study to establish appropriate response practices around persistent viral signals 

on classroom surfaces. Other research groups and clinical labs developing environmental 

monitoring methods may need to establish their own correlation between RT-qPCR 

results and viral load, but this work provides evidence justifying simplified experimental 

designs, like reduced testing materials and the use of heat-inactivated viral particles. 

 

1.1. Introduction 

Development and characterization of methods for environmental monitoring of 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) remain important 
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areas of research for identifying and mitigating potential outbreaks as the global pandemic 

continues. Environmental monitoring offers indirect detection of possibly infectious 

individuals through noninvasive sampling. In spaces with relatively consistent occupants, 

detection of SARS-CoV-2 from environmental samples can help identify COVID-19-

infected individuals, ideally before further transmission. Environmental monitoring can 

also alert public health leadership to the potential presence of an infection even in settings 

with low diagnostic testing uptake, allowing for the implementation of enhanced non-

pharmaceutical interventions (i.e., double masking, increased hand hygiene, improved 

ventilation efforts) even in the absence of positive diagnostic tests. 

SARS-CoV-2 particles are shed by symptomatic and asymptomatic carriers [2] and 

have been detected on various surfaces [3, 4, 5, 6]. Viral signatures have been 

demonstrated to persist up to 4 weeks in bulk floor dust collected from a room with a 

quarantined individual [6]. Previous environmental monitoring studies have detected 

SARS-CoV-2 on surfaces contaminated by infected individuals in hospitals and 

congregate care facilities [7, 8, 9, 10, 11]. Thus, indoor surface sampling can be valuable 

for detection of infected persons indoors, where transmission risk is highest [12]. The 

Safer At School Early Alert program (SASEA) [1] uses environmental monitoring and 

collected over 13,000 surface swabs, but we need more information to clarify what these 

data are telling us over time. 

We sought to characterize temporal dynamics underlying detection of SARS-CoV-

2 signals from surface swabs from a variety of common indoor surface types using 

Reverse Transcription-quantitative Polymerase Chain Reaction (RT-qPCR). The Centers 

for Disease Control and Prevention (CDC) maintains that the risk of fomite transmission 
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of SARS-CoV-2 is low [13]. This study makes no claims of attempting to understand the 

possibility of or mechanisms behind infection of virus transmitted by fomites, but rather 

on whether and how negative and positive RT-qPCR detection from surface swabs can 

enable decision-making in outbreak mitigation, focused clinical testing of individuals, and 

safe reopening of high-traffic, public spaces. 

We used RT-qPCR to detect heat-inactivated viral particles on nine surface 

materials, and monitored the persistence of the heat-inactivated virus for 7 days. Each 

material - acrylic, steel, glass, ceramic tile, melamine-finished particleboard (MFP), 

painted drywall, vinyl flooring, and two different carpets (olefin and polyester) - was 

divided into 5 cm by 5 cm grids, and each 25 cm2 square surface of the grid was 

inoculated with 10 μL of either a dilution series of heat-inactivated SARS-CoV-2 particles 

or water. The 8-point dilution series was based on viral genomic equivalents (GEs) as 

measured by digital droplet PCR (ddPCR). The inoculum dried for 1 hr before swabbing. 

Every 24 hours post-inoculation an unswabbed section of each material grid was 

sampled, for a total of seven days including the initial post-inoculation swab. 

To determine whether use of heat-inactivated viral particles in testing and 

validating environmental monitoring methods reflects results obtained using untreated 

virus, we compared detection of heat-inactivated SARS-CoV-2 (strain WA-1, SA-

WA1/2020) and of authentic, untreatedSARS-CoV-2 (variant of concern Beta, isolate 

B.1.351, hCoV-19/USA/MD-HP01542/2021) on two materials under biosafety level 3 

(BSL-3) conditions.   
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1.2. Results 

Linear regression of signal intensity (average Cq of viral gene calls) on elapsed 

time since inoculation (days) for each dilution showed minimal decay of viral RNA on 8 of 

9 surface types over 6 days (Fig. 1.1). The average decay slope for each surface type 

(m-bar) did not differ significantly from zero (mean=0.0407, s.d.=0.210). RT-qPCR signal 

decayed with time only on glass (m-bar=0.401, s.d.=0.212, differing from the population 

mean by >1.5 standard deviations). 

A two-way repeated measure analysis of variance (ANOVA) on viral signal 

intensity (average Cq) revealed that surface type explains more observed variation in Cq 

than does time since inoculation at the highest concentration (5x105 GE’s) (Fig. 1.2A). A 

Kruskal-Wallis H test confirmed that mean Cq’s differ significantly across surface types 

(H=60.86, p=2.49x10^-9)(Fig. 1.2B), but not across days since inoculation (H=1.34, 

p=0.97)(Fig. 1.2C). Pairwise Mann-Whitney U tests comparing ranked values of Cq’s from 

samples grouped by surface type highlight that both carpet materials (olefin and 

polyester) are significantly different, after correcting for multiple comparisons (FDR-

Benjamini/Hochberg, alpha=0.005), from all other surfaces, but not from each other (Fig. 

1.2B). Other pairwise, significant differences between materials are summarized in 

Supplementary Table S1. A clustermap of the U statistic from the pairwise comparisons 

effectively clusters samples by material properties, with rough surfaces clustering away 

from smooth ones (Fig. 1.2D). 

  



   

 

 

6 

Figure 1.1. Scatterplots showing the average Cq of RT-qPCR viral gene calls for 
corresponding heat-inactivated viral spike-in over seven days. alongside each surface 
type.alongside each surface type. 
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Figure 1.2. Signal persistence of SARS-CoV-2 across material types.  
(A-C) 3D scatterplots showing distribution of average Cq of viral gene calls over seven 
days for nine different surfaces inoculated with 5x105 GEs (nine surfaces for heat-
inactivated virus [circles], two (acrylic and olefin carpet) for infectious [diamonds]). The 
distribution of Cq’s differs significantly across surface types (B), but not across days since 
inoculation (C). (D) Clustermap of the U statistic from pairwise Mann-Whitney U tests 
between surface types. (E-F) Standard curves relating surface viral load (log2 spike-in) 
to average Cq across all time-points for smooth (E) and rough (F) surface types. 
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Because RT-qPCR signal intensity for most surfaces was time invariant, time-

collapsed linear regression models relating viral spike-in concentration (log2 spike-in) to 

average Cq act as standard curves for estimating viral load on different monitored 

surfaces from Cq.  After segregating samples based on the qualitative material categories 

of smooth or rough, linear regressions aggregating all timepoints yielded one standard 

curve for smooth surfaces (m=-0.77, b=40.41, r=-0.93)(Fig. 1.2E) and another for rough 

surfaces (m=-0.52, b=39.90, r=-0.84)(Fig. 1.2F). The reduced slope of the latter curve 

stems from higher loss of spiked-in viral signal to the rough surface matrix. 

To ensure that viral signal stability was not a consequence of selection for resilient 

viral particles through heat inactivation, we repeated a subset of experiments using 

infectious virus (untreated) in a BSL-3 laboratory using the B.1.351/Beta variant of SARS-

CoV-2 originally identified in South Africa. Due to space limitations in the BSL-3 facility, 

the untreated virus experiment only included two surface types, acrylic and carpet (olefin), 

but used the same dilution series and sampling plan.  

Results from untreated and heat-inactivated virus are concordant. Untreated virus 

samples cluster with respect to surface type rather than virion status (heat-inactivated or 

untreated) (Figure. 2D). When evaluating acrylic and carpet (olefin) samples alone, a 

Kruskal-Wallis H test shows significant differences in the means of Cq’s across all groups 

when samples are grouped by surface type (H=16.37, p=0.00095) (Fig. AA.1.S1A), but 

not when grouped by virion status (H=1.96, p=.161) (Fig. AA.1.S1B). Furthermore, linear 

regression on Cq from paired samples between the heat-inactivated and untreated virus 

experiments show nearly exact correlation despite the use of different variants (m=1.05, 

r=0.97) (Fig. AA.1.S1C). 
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1.3. Discussion 

We show that detecting SARS-CoV-2 RNA on indoor surfaces in environments 

potentially exposed to COVID-19 infected individuals is effective across a variety of 

surfaces and a range of initial viral loads. Our swabbing and RT-qPCR methods have 

greater sensitivity from smooth surfaces (such as MFP - commonly found on desktops - 

or vinyl flooring) than rough surfaces (carpet). The stability of the viral signal across time 

limits the ability to estimate when the surface was inoculated, but demonstrates that signal 

can be detected a week post-exposure. There is a possibility that viral signal could decay 

over a longer period of time, but because the motivation behind this study was to improve 

temporal resolution over shorter periods, this was beyond the scope of the present work. 

To improve temporal resolution, surfaces swabbed for environmental monitoring should 

be cleaned with soap and water, following CDC recommendations [14], in order to remove 

viral signals [13]. Previous work with comparable methods for SARS-CoV-2 detection 

from surfaces demonstrated that washing contaminated objects with household 

dishwashing detergent for ≥ 1 minute removed enough viral RNA traces so that only 20% 

of the severely contaminated objects had detectable viral RNA. Furthermore, the average 

viral load of the washed surfaces was reduced by ~2.5 Cq’s in comparison to untreated 

objects [15]. Thus, cleaning monitored surfaces with soap and water improves the 

probability of distinction between persistent or separate exposures in subsequent SARS-

CoV-2 detection events. 

Although direct inoculation of surfaces with viral particles does not represent 

interaction with an infected individual in a real-world scenario, we do directly show that 
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untreated and heat-inactivated SARS-CoV-2 particles have similar detectability and 

stability across surface types. These findings allow the use of heat-inactivated particles 

in testing and validating environmental monitoring methods, and remove the burden of 

performing such experiments in BSL-3 laboratories. 
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Chapter 2. Sentinel Cards Provide Practical SARS-CoV-2 

Monitoring in School Settings 

 

Abstract 

Accurate, high-resolution environmental monitoring of SARS-CoV-2 traces indoors 

through sentinel cards is a promising approach to help students safely return to in-person 

learning. Because SARS-CoV-2 RNA can persist for up to a week on several indoor 

surface materials, there is a need for increased temporal resolution to determine whether 

consecutive surface positives arise from new infection events or continue to report past 

events. Cleaning sentinel cards after sampling would provide the needed resolution, but 

might interfere with assay performance. We tested the effect of three cleaning solutions 

(BZK wipes, Wet Wipes, RNase Away) at three different viral loads: “high” (4 x 104 

GE/mL), “medium” (1 x 104 GE/mL), and “low” (2.5 x 103 GE/mL). RNase Away, chosen 

as a positive control, was the most effective cleaning solution on all three viral loads. Wet 

Wipes were found to be more effective than BZK wipes in the medium viral load condition. 

The low viral load condition was easily reset with all three cleaning solutions. These 

findings will enable temporal SARS-CoV-2 monitoring in indoor environments where 

transmission risk of the virus is high and the need to avoid individual-level sampling for 

privacy or compliance reasons exists. 

 

 

 

 

 



   

 

 

16 

Importance 

Because SARS-CoV-2, the virus that causes COVID-19, persists on surfaces, 

testing swabs taken from surfaces is useful as a monitoring tool. This approach is 

especially valuable in school settings, where there are cost and privacy concerns that are 

eliminated by taking a single sample from a classroom. However, the virus persists for 

days to weeks on surface samples, so it is impossible to tell whether positive detection 

events on consecutive days are persistent signal or new infectious cases, and therefore 

whether the positive individuals have been successfully removed from the classroom. We 

compare several methods for cleaning “sentinel cards” to show that this approach can be 

used to identify new SARS-CoV-2 signals day to day. The results are important for 

determining how to monitor classrooms and other indoor environments for SARS-CoV-2 

virus. 

 

2.1. Introduction 

For the last two years, the SARS-CoV-2 pandemic has disrupted lives and caused 

millions of deaths globally. Due to the high risk of virus transmission in indoor settings, 

schools have been forced to convert to remote learning [1]. Although remote learning can 

be convenient for some, not every child has access to a stable internet connection and a 

supportive, quiet learning environment [2,3]. Therefore, most child health authorities are 

recommending a return to in-person learning, if it can be conducted safely [4]. Effective 

SARS-CoV-2 monitoring is crucial to allow for in-person learning to resume safely and 

widely [5], with the goal of restoring education equity. However, performing daily nasal 
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swabs to monitor the spread of the disease has high financial and labor costs, and often 

runs into difficulties with consent and reporting of results to relevant public health 

authorities. 

Wastewater and environmental monitoring strategies have been developed [6-8] 

and implemented [9] as a means of circumventing clinical swabs. We have already 

demonstrated that viral signals from COVID-19 patients in indoor environments 

commonly accumulate on high-touch surfaces and the floors in front of features with high 

interaction times [8]. Additionally, SARS-CoV-2 RNA has been demonstrated to persist 

for up to a week on several indoor surface materials [7, 10], making it difficult to 

understand exactly when an infected individual came into contact with a surface or if 

consecutive positives are from new deposition events. Thus, an effective post-sampling 

cleaning procedure needs to be established in order to increase temporal resolution and 

ensure that consecutive positives are from new infection events. 

 

2.2. Methods 

To increase the temporal resolution of proven environmental pipelines [9,11], we 

tested resetting SARS-CoV-2 RNA signal with a mock sentinel surface. Here, a sentinel 

surface is a surface used as an environmental monitoring tool for detecting whether or 

not an infected individual was recently present in an indoor space. The mock sentinel 

surfaces we used were 100 cm2 laminated cards. The sentinel cards were inoculated 

with 10 μL of a dilution series of heat-inactivated SARS-CoV-2 particles (strain WA-1, SA-

WA1/2020) in water and then wiped with a cleaning solution each day for five days. 
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Samples were collected by swabbing the sentinel cards pre-inoculation, post-inoculation, 

and post-wipe (Supplemental Fig. AB.1.S1).  

For this study we used three viral loads: “high” (4 x 104), “medium” (1 x 104), and 

“low” (2.5 x 103) dilutions of SARS-CoV-2 viral genomic equivalents, as measured by 

droplet digital PCR. These concentrations were chosen to bracket the ranges we typically 

observed in classrooms during SASEA [9]. We used two different transport media: SDS 

(0.5% w/v sodium dodecyl sulfate (SDS), Acros Organics, 230420025), which we have 

previously shown to yield superior results in SARS-CoV-2 molecular assays [11], and 

VTM (Viral Transport Medium, NEST Scientific USA, 202016), which the FDA has 

approved for transporting SARS-CoV-2 samples that will be used for molecular or antigen 

testing [12]. The recipe for VTM as recommended by the CDC is Hank’s Balanced Salt 

Solution with 2% fetal bovine serum (FBS), 100µg/mL gentamicin, and 0.5 µg/mL 

amphotericin B [13]. We chose to use SDS at a concentration of 0.5% because it has 

already been shown to effectively inactivate SARS-CoV-2 after 30 minutes of contact time 

[14,15]. However, local public health laboratories performing SARS-CoV-2 monitoring on 

a larger scale, such as the San Diego County Public Health Laboratory, currently employ 

VTM for sample collection.  

We tested three cleaning methods: benzalkonium chloride (BZK) antiseptic 

towelettes (Dynarex, 1331), Wet Wipe towelettes (Royal, RF1MB), and paper towels 

moistened with RNase Away (ThermoFisher Scientific, 10328011). BZK wipes contain 

0.13% benzalkonium chloride, which is an antiseptic and a quaternary ammonium 

compound; Wet Wipes contain 1% bleach (sodium hypochlorite). Both BZK and sodium 

hypochlorite are effective at inactivating SARS-CoV-2, as well as other viruses, at 
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relevant concentrations [16-19], and are feasible to implement in school settings due to 

their cost and packaging (pre-packaged wipes are easy to distribute). RNase Away is a 

dilution of sodium hydroxide and was included because it is recommended by the FDA to 

minimize nucleic acid contamination [20,21]. However, it only serves as a positive control 

since it would not be practical for use in schools.  

To continue benchmarking proven environmental pipelines [7, 9, 11] and to 

account for potential interactions, we used a factorial study design covering two swabbing 

media (SDS, VTM), three cleaning solutions (BZK wipes, Wet Wipes, RNase Away), and 

three viral spike-in concentrations (High, Medium, Low). Each condition was performed 

in triplicate for a total of 54 cards. A three-step swabbing process was performed on each 

card over a five-day period (Supplemental Fig. AB.1.S1). First, we swabbed each card at 

the start of the day (Step 1). Next, the viral spike-in was added to the card and a second 

swab was collected (Step 2). Lastly, the card was wiped with the cleaning solution and a 

final swab was collected (Step 3). Extraction and RT-qPCR were performed as described 

in our previous work, with VTM samples processed by the Perkin-Elmer pipeline and SDS 

samples processed by the Thermo pipeline described in that work [11]. 

 

2.3. Results 

Our results demonstrated that all of the cleaning methods worked well at low viral 

load over 5 cleaning cycles, although cleaning failures were more frequent with BZK (Fig. 

2.1). Both Wet Wipes and BZK performed well with SDS at medium viral loads, but only 

Wet Wipes performed well with VTM under these conditions. As expected from our past 
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work [11], SDS returned lower Cq values (better signal) than VTM on the same samples. 

Repeat cleaning did not degrade the sentinel card surface or the ability to detect signal.  
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Figure 2.1. Effect of cleaning solution at high, medium and low viral load with different 
swabbing media. On each day, three samples were taken: (1) before addition of viral 
particles, (2) after addition, and (3) after cleaning. Therefore, the expected pattern is a 
train of 5 spikes, starting at zero, rising to the maximum Cq value, returning to zero the 
same day, and staying at zero until the next day, as seen for SDS in the low load condition 
with RNase Away (bottom right panel, solid lines).  High, medium, and low viral load were 
defined as (4 x 104), (1 x 104), and (2.5 x 103), respectively. Average Cq (Avg. Cq) was 
calculated as a mean Cq value from three samples. Two viral transport media were 
tested: SDS (0.5% w/v sodium dodecyl sulfate (SDS) and VTM (Viral Transport Medium). 
Effective cleaning reset Cq for each day. RNase Away was shown to be effective at each 
viral load, whereas benzalkonium chloride (BZK) and Wet Wipes were only effective at 
medium and low viral load.   
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The difference in performance between the SDS and VTM conditions in terms of 

resetting signal can be explained by the properties of the swabbing media themselves. 

SDS is a surfactant meaning it has both a hydrophilic end, which is attracted to water, 

and a hydrophobic end that is attracted to the lipids making up the SARS-CoV-2 

membrane. This allows SDS to disrupt the lipid membrane while at the same time making 

biomolecules more readily removable from the cards [22]. In contrast, the organic matter 

from the FBS in VTM introduces organic materials which act as viral clumping protective 

factors and can affect the efficacy of disinfecting agents with regard to inactivating viruses 

[18]. We indeed noticed that swabbing with VTM resulted in a leftover residue on the 

cards that was more difficult to wipe off regardless of the cleaning solution. The process 

of cleaning the card is reliant on removing organic material impurities and the BZK wipes 

are less efficient at this than the Wet Wipes. This poor performance of BZK with dried 

virus can be understood from a thermodynamic perspective. BZK is a cationic surfactant 

(positively charged) and will be attracted to the negatively charged virus and card surface. 

This means that BZK cannot effectively disperse the virus and so has relatively poor 

performance as a detergent [22]. When the swabbing media is VTM instead of SDS, this 

effect is amplified which is supported by a study aimed at understanding the result of 

adding 5% FBS to viral suspensions. FBS showed no influence on the virucidal 

capabilities of quaternary ammonium compounds except for BZK, decreasing the efficacy 

of BZK [23]. A second study provides possible further insight for the difference in 

performance between BZK and sodium hypochlorite. In this study, researchers examined 

the virucidal efficacy of BZK and sodium hypochlorite as measured by cell culture and the 
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genomic integrity of viruses after exposure to the two chemicals measured by RT-PCR. 

The study found that both compounds effectively inactivated SARS-CoV but that viral 

RNA could still be detected by PCR when BZK was used [19]. 

At high viral loads, only the combination of RNase Away and SDS was able to 

remove the signal. This was as expected since RNase Away is often used to ensure 

environments are RNA free for sensitive molecular assays [24,25]. Because the 

combination of RNase Away and SDS cannot be used at scale with existing infrastructure, 

we recommend sentinel card replacement at earliest convenience, rather than cleaning, 

if high viral loads (Cq < 30 with SDS or Cq < 35 with VTM) are detected on a sentinel 

card.  

 

2.4. Discussion 

An important consideration is the number of distinct genes recovered as matching 

in the RT-qPCR process, as this can make the difference between a sample being called 

as SARS-CoV-2 positive versus invalid. Because the peaks with the same viral load 

applied were highly reproducible across multiple days (reaching the same height in Fig. 

2.1), for this analysis we could treat each day as a replicate of the pre-application, post-

application, and post-cleaning sample conditions that were collected on each day. Fig. 

2.2 shows the reproducibility of replicates with cleaning, including the number of genes 

amplified. Under low load conditions, as expected, cleaning was effective and non-zero 

values occurred nearly always post-application and disappeared on cleaning, with the 

exception of VTM samples which sometimes carried over (right hand column in Fig 2). In 

contrast, in the high load condition (left hand column in Fig. 2.2), cleaning was nearly 
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always ineffective except with RNase Away, not practical for classroom use. In the 

medium condition (middle column), all cleaning methods were effective with SDS but 

none were effective with VTM – the slightly higher cluster of Cq values are obtained with 

VTM in each case, consistent with expectations and with Fig. 2.1.  
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Figure 2.2. Cleaning solution efficiency after deliberate addition of viral load. Sampling 
was performed in three steps: initial virus amount (blank) was sampled from the wall for 
Step 1. Virus was deliberately loaded on the surface and sampled for Step 2. The surface 
was cleaned with different cleaning methods and sampled for qPCR analysis for Step 3. 
High, medium, and low viral load were defined as (4 x 104), (1 x 104), and (2.5 x 103), 
respectively. Average Cq (Avg. Cq) was calculated as a mean Cq value from three 
samples. Two viral transport media were tested: SDS (0.5% w/v sodium dodecyl sulfate 
(SDS) and VTM (Viral Transport Medium). Effective cleaning reset Cq for each day (steps 
1 and 3), whereas ineffective cleaning retained high viral load (non-zero Cq) at these 
steps. The number of gene hits refers to how many gene targets were amplified during 
RT-qPCR across the triplicate samples: the qPCR method for the SDS samples targeted 
3 genes for a total of 9 possible genes amplified while the method for the VTM samples 
targeted 2 genes for a total of 6 possible gene hits.  
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Taken together, these results indicate that sentinel cards are an effective and 

practical solution for SARS-CoV-2 classroom monitoring, but that they must be cleaned 

carefully in order to remove carryover signal, and this process is easier with samples 

collected in SDS than in VTM (although cleaning with VTM is still possible). Because 

removing high viral load from sentinel cards is challenging, strong positives should be 

removed rather than cleaned. These findings are an important step to deployment of 

these cards at scale in projects such as SASEA. 
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Chapter 3. Implementation of Practical Surface SARS-CoV-2 

Surveillance in School Settings 

 

Abstract 

Surface sampling for SARS-CoV-2 RNA detection has shown considerable 

promise to detect exposure of built environments to infected individuals shedding virus 

who would not otherwise be detected. Here we compare two popular sampling media 

(VTM and SDS) and two popular workflows (Thermo and PerkinElmer) for implementation 

of a surface sampling program suitable for environmental monitoring in public schools. 

We find that the SDS/Thermo pipeline shows superior sensitivity and specificity, but that 

the VTM/PerkinElmer pipeline is still sufficient to support surface surveillance in any 

indoor setting with stable cohorts of occupants (e.g., schools, prisons, group homes, etc.) 

and may be used to leverage existing investments in infrastructure. 

 

Importance 

The ongoing COVID-19 pandemic has claimed the lives of over 5 million people 

worldwide. Due to high density occupancy of indoor spaces for prolonged periods of time, 

schools are often of concern for transmission, leading to widespread school closings to 

combat pandemic spread when cases rise. Since pediatric clinical testing is expensive 

and difficult from a consent perspective, we have deployed in SASEA (Safer At School 

Early Alert) surface sampling, which allows for detection of SARS-CoV-2 from surfaces 

within a classroom. In this previous work, we developed a high throughput method which 



   

 

 

33 

requires robotic automation and specific reagents that are often not available for public 

health laboratories such as the San Diego County Public Health Laboratory (SDPHL). 

Therefore, we benchmarked our method (Thermo pipeline) against SDPHL’s 

(PerkinElmer) more widely used method for the detection and prediction of SARS-CoV-2 

exposure. While our method shows superior sensitivity (false negative rate of 9% vs 27% 

for SDPHL), the SDPHL pipeline is sufficient to support surface surveillance in indoor 

settings. These findings are important since they show that existing investments in 

infrastructure can be leveraged to slow the spread of SARS-CoV-2 not in just the 

classroom but also in prisons, nursing homes, and other high-risk, indoor settings. 

 

3.1. Introduction 

Over the past two years, the COVID-19 pandemic has claimed the lives of over 5 

million people worldwide [1]. Due to high density occupancy of indoor spaces for 

prolonged periods of time, schools are often of concern for transmission, leading to 

widespread school closings to combat pandemic spread when cases rise. However, K-

12 schools are important resources for communities, which, besides education and 

childcare, often provide food, authoritative and trusted information, and a sense of 

belonging and security [2, 3]. Therefore, alternative approaches that keep children in 

school are highly desirable. Performing pediatric clinical testing, such as SARS-CoV-2 

detection via RT-qPCR, is expensive, difficult from a consent perspective, and 

increasingly politicized. Wastewater testing, although highly effective even at the level of 

individual cases and buildings [4], can only identify SARS-CoV-2 among the subset of 

individuals that defecate at school, and often cannot provide spatial resolution at finer 
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levels. A complementary method that we have deployed in Safer At School Early Alert 

(SASEA) [5] is surface sampling, which allows detection of SARS-CoV-2 from surfaces 

within a classroom. This is a screening method, not a diagnostic; however, even without 

high sensitivity, surface sampling provides visibility into environments where individuals 

will not consent to testing and where cases are not picked up through wastewater. In 

particular, surface sampling can localize cases within a single classroom [5]. 

In previous work, we showed SARS-CoV-2 persists on a range of school-relevant 

surfaces using our SASEA workflow, based on collecting swabs into a 0.5% sodium 

dodecyl sulfate (SDS) w/v solution (Acros Organics, 230420025), performing nucleic acid 

extraction on the Kingfisher Flex liquid-handling robot (Thermo Scientific), and performing 

RT-qPCR using the QuantStudio 7 [5]. We implemented this protocol in the research 

phase of SASEA [3, 6]. However, this protocol requires specialized reagents and 

equipment that is not generally available to public health laboratories, and we needed to 

test its generality using workflows already operational in the San Diego County Public 

Health Laboratory (SDPHL), which employs Viral Transport Medium (VTM) (NEST 

Scientific USA, 202016) for sample collection, and the PerkinElmer (PE) workflow for 

nucleic acid extraction and RT-qPCR (Supplementary Table S2) [7]. Adapting surface 

sampling to this widely used clinical workflow would enable its application to an entirely 

new sampling modality and allow surface sampling to be incorporated into a wide range 

of programs in schools, prisons, nursing homes, and other high-risk, indoor settings. 
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3.2. Results 

To assess whether conclusions drawn from our established Thermo pipeline [6] 

could be generalized to the more widespread PerkinElmer pipeline, we first compared the 

performance of both methods using contrived samples. Briefly, the Thermo pipeline 

collects surface swabs into Matrix tubes containing 0.5% w/v SDS in water, extracts 

nucleic acids using the Omega MagBind Viral RNA/DNA kit (SKU: M6246-03) using the 

KingFisher Flex platform, and detects SARS-CoV-2 presence through a miniaturized 3µL-

reaction version of the TaqPath™ COVID-19 Combo Kit (ThermoFisher Scientific, 

A47814) on a QuantStudio 7 Pro qPCR machine (Thermo Fisher Scientific). The 

PerkinElmer pipeline follows the Emergency Use Authorization of sample collection into 

Viral Transport Media, requires a heat-inactivation step (65C for 15 mins), extracts nucleic 

acids using the chemagic 360 platform and reagents, and detects SARS-CoV-2 presence 

using the standard 15 µL-reaction protocol of the PerkinElmer New Coronavirus Nucleic 

Acid Detection Kit on an Analytik Jena qTOWER3 84 G Real-Time PCR system.  

To manufacture the contrived samples, we deposited 10 μL of a heat-inactivated 

SARS-CoV-2 dilution series (strain WA-1, SA-WA1/2020) on laminated cards, making 

triplicate cards for each of the three concentrations used (206, 1024, 4096 GEs/μL).  Nine 

replicates were swabbed with 0.5% SDS and processed by the Thermo pipeline while the 

other nine were swabbed with VTM and processed by the PerkinElmer pipeline. We found 

that the two platforms yielded highly correlated results (Pearson correlation, r = 0.810, p 

= 2.87 x 10-6) but the SDS/Thermo pipeline was more sensitive by ~4 Cq units on average 

(Fig. 3.1). 
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Figure 3.1.  Comparison of SDS/Thermo and VTM/PE pipelines on contrived samples. 
Average Cq values of contrived samples with the SDS/Thermo pipeline versus the 
Average Cq of matched samples processed through VTM/PerkinElmer pipeline. A linear 
regression was overlaid on the measured data (in blue) (Pearson correlation, m = 1.16, b 
= -1.14, r = 0.81, p = 2.87 x 10-6). The gray line represents the expected Cq values where 
x = y, i.e., if the two assays performed identically on the same samples. 
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To test whether these conclusions extended to a real-world setting, we collected 

duplicate biological replicates of 30 samples from isolation housing in which known 

COVID-19 patients, confirmed by positive anterior nares RT-qPCR, were housed (IRB-

approved research under HRPP UCSD protocol 200477). The distribution of sampled 

surfaces is given in Table 3.1, and their spatial localization in one of the apartments is 

given in Fig. 3.2 as an example. In a crossover protocol to separate the effects of the 

swabbing/transport medium and RNA extraction from the effects of the qPCR assay, we 

ran each protocol through RNA extraction, exchanged RNA between the UCSD lab and 

the SDPHL, then subjected the resulting RNA to RT-qPCR on the other platform 

(Supplementary Table S1). This created four sets of samples summarized in 

Supplementary Table S3. 
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Table 3.1. Number of detection events per feature per apartment. The text within each 
cell indicates the material of the sampled feature and the heatmap coloring represents 
the counts of positive detection events from the different combinations of extraction and 
RT-qPCR facility. A value of 4 indicates detection in all 4 pipeline permutations, whereas 
0 indicates no detection in any of the combinations. 
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Figure 3.2. Ili mapping of positive detection events across pipeline combinations on a 
representative 3D render of the rooms swabbed. This 3D rendering represents the 
relationship between rooms and features that were swabbed in Apt C (Table 1). The color 
scale represents the number of positive detection events returned across the 
combinations of extraction and RT-qPCR facilities. 
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We found that each laboratory performed best when sample extraction and RT-

qPCR processing occurred in the same facility, presumably because of RNA degradation 

during transit (Fig. 3.3A-3.3B). A Kruskal-Wallis H test confirmed that the mean Cq’s differ 

significantly across the pipeline combinations (H = 26.9, p = 6.22 x 10-6) (Fig 3C). 

Pairwise Mann-Whitney U tests between the groups showed that the Cq ranks are 

significantly different between groups processed at the different PCR facilities, but there 

is no significant difference for groups within PCR facility. The SDPHL RT-qPCR assay 

performed better on the samples processed with the PE pipeline than on the Thermo/PE 

paired samples (mean Cq difference 0.88, U = 0.693, p > 0.1), whereas the UCSD RT-

qPCR assay performed better with the samples processed with the Thermo pipeline than 

with the paired PE/Thermo samples (mean Cq difference 1.2, U = 1.48, p > 0.1). However, 

the Thermo workflow provided an advantage in sensitivity of 5.1 Cq units on average over 

the PE workflow yielding a p-value of 5.86 x 10-3 after correcting for multiple comparisons 

(FDR-Benjamin/Hochberg) (U = 3.72) . None of the assays were perfect: the Thermo 

pipeline detected 6 samples that the PE pipeline counted as negative, and the PE pipeline 

detected 2 samples that the Thermo pipeline counted as negative (Supplementary Table 

S1). To calculate the sensitivity of each pipeline, we assumed that if at least one of the 

pipeline combinations (Thermo, Thermo/PE, PE, PE/Thermo) detected the presence of 

virus, then that sample could be considered a true positive resulting in a true positivity 

rate of 91% for the Thermo pipeline and 73% for the PE pipeline. However, we were 

unable to make any assumptions about the true negative rate and are unable to calculate 

the specificity of each pipeline. 
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Figure 3.3. Comparison of SDS/Thermo and VTM/PE pipeline combinations on real 
samples. A&B) Scatterplots showing the performance of the Thermo (UCSD) and 
PerkinElmer (PHL) RT-qPCR workflows on surface samples extracted at both facilities. 
Empty x’s and o’s next to the sample name indicates that no viral signal was detected in 
that sample for that combination of extraction and RT-qPCR facility. C) Swarmplots 
showing that the sensitivity of the Thermo RT-qPCR workflow is higher than that of the 
PE pipeline (Kruskal-Wallis, p < 0.01). Post hoc analysis showed that there was no 
significant difference between samples that underwent RT-qPCR at the same facility (p > 
0.1) but there were differences between RT-qPCR facilities (p < 0.05). D) Venn diagram 
showing the number of positive samples detected by each of the extraction facility/RT-
qPCR pipeline combinations. 
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3.3. Discussion 

We note that although the PE assay is less sensitive, but this level of accuracy is 

sufficient for projects such as SASEA, where the goal is to screen environments for further 

resource allocation for COVID-19 mitigation efforts rather than to perform a diagnostic 

test. In conclusion, we note that although the optimized Thermo protocol we developed 

for SASEA offers considerable sensitivity advantages, the PE assay is still pragmatically 

useful for classroom SARS-CoV-2 surveillance and can leverage large existing 

investments in infrastructure and expertise. 
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3.4. Materials and Methods 

Surface sampling with two transport media (VTM and SDS) and subsequent 

nucleic extraction and SARS-CoV-2 readout with two RT-qPCR pipelines (Thermo and 

PerkinElmer) are compared in a factorial design. 

 

UCSD protocol: 
 

Nucleic acid extraction: 

Individual 96-well tube racks were vortexed for 5 minutes at 3200 RPM to 

promote the suspension of viral particles from the swabs into the 0.5% w/v SDS 

solution. Afterwards, 150 µL of the suspension buffer (0.5% SDS) were transferred 

with a multichannel pipette into barcoded deep well extraction plates 

(ThermoFisher Scientific, 95040450) and processed using the Omega MagBind 

Viral DNA/RNA kit (Omega Bio-Tek, M6246) on the Kingfisher Flex (ThermoFisher 

Scientific) platform following manufacturer’s protocol with the following 

modifications: only 150µL of sample input was used (instead of the recommended 

200µL) and 10 µL of MS2 phage was added to each well as an extraction control. 

 

RT-qPCR (Multiplexed TaqPath) 

Viral gene detection assays were performed using the RT-qPCR-based 

TaqPath™ COVID-19 Combo Kit (ThermoFisher Scientific, A47814) on a 

QuantStudio 7 Pro with a 384-well sample block (ThermoFisher Scientific, A43185) 

according to the manufacturer’s protocol with the following modifications: 2 µL of 

purified RNA was added to a 1 µL reaction mix containing 0.75 µL TaqPath 4x 
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Enzyme mix (ThermoFisher Scientific, A28523), 0.15 µL multiplex probe mix, and 

0.1 µL nuclease free water, for a total reaction volume of 3 µL. Low volume 

transfers (< 5µL) were done with Mosquito HV Liquid Handlers (SPT Labtech). The 

following RT-qPCR cycling conditions were used: 25°C for 2 minutes, 53°C for 10 

minutes, 95°C for 2 minutes, 55 cycles of 95°C for 3 seconds, and 60°C for 30 

seconds. The signal was measured at the end of each 30 second interval at 60°C. 

Baseline determination and quantification cycle (Cq) signal determination were 

made using the Design and Analysis v2.4.3 software (Applied Biosystems) using 

the relative threshold (Crt) method.  Positive calls for individual gene reporters 

were made according to Table S3. 

 

SDPHL protocol:  

Nucleic acid extraction: 

Environmental samples in VTM were heat-inactivated in a bead-bath at 65C 

for 15 minutes, then cooled at 2-8C for a minimum of 10 minutes prior to 

processing. Assay controls (positive, negative, and internal controls) were thawed 

prior to use. Additional reagents (Poly A RNA and Proteinase K) were prepared 

per kit instructions prior to use. Specimens were brought to room temperature, 

placed into sample racks, and loaded onto the Janus Reformatter Robot. From the 

Janus Reformatter, samples and their corresponding reagent plates were 

transferred to the Chemagic 360 instrument for extraction by the manufacturer’s 

protocol. 
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RT-qPCR: 

Extract plates from the Chemagic 360 were transferred to the Janus qPCR 

Workstation Robot, along with qPCR master mix reagents, and loaded into a 384-

qPCR plate. Viral gene detection assays were performed using the RT-qPCR-

based PerkinElmer® New Coronavirus Nucleic Acid Detection Kit (2019-nCOV-

PCR-AUS) on an Analytik Jena qTOWER3 84 G Real-Time PCR system with a 

384-well sample block according to the manufacturer’s protocol for 15ul reaction. 

The following RT-qPCR cycling conditions were used: 37C 2 min.; 50C 5 min.; 42C 

35 min.; 94C 10 min.; 45 cycles of 94C 10 sec., 55C 15 sec.; 65C 45 sec. The .trf 

method file generated by the Janus qPCR Workstation Robot was copied and 

transferred to the Analytic Jena as the qPCR method. Results were analyzed 

following assay processing. Interpretation of results was performed using 

qPCRSoft 384 for the Analytik Jena. 

Fluorophore probes used for detection of two COVID targets (N 

[nucleocapsid] gene and ORF1ab [open reading frame 1 ab]) were FAM and Rox 

respectively. The IC (bacteriophage MS2) used a Hex fluorophore probe. 

Thresholds used for interpretation were between 5 and 15 dRn (delta in normalized 

reporting value). If a sample had either COVID target detected with Ct values 

below 42 at a threshold of 15, the sample was determined positive. Samples with 

detectable Internal Control but without detectable values for either of the two 

COVID targets were reported as negative. Samples which only had COVID targets 

within ‘detectable’ range at a threshold of 5 but outside of ‘detectable’ range at 

threshold of 15 (Ct above 42) were considered inconclusive; these were treated as 
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‘negative’ for reporting. Samples without positive values for either of the two 

COVID targets in addition to failed Internal Controls were considered invalid, and 

reported as such.  
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Chapter 4. SARS-CoV-2 Distribution in Residential Housing 

Suggests Contact Deposition and Correlates with Rothia sp. 

Abstract 

Monitoring severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) on 

surfaces is emerging as an important tool for identifying past exposure to individuals 

shedding viral RNA. Our past work has demonstrated that SARS-CoV-2 reverse 

transcription-quantitative PCR (RT-qPCR) signals from surfaces can identify when infected 

individuals have touched surfaces such as Halloween candy, and when they have been 

present in hospital rooms or schools. However, the sensitivity and specificity of surface 

sampling as a method for detecting the presence of a SARS-CoV-2 positive individual, as 

well as guidance about where to sample, has not been established. To address these 

questions, and to test whether our past observations linking SARS-CoV-2 abundance to 

Rothia sp. in hospitals also hold in a residential setting, we performed detailed spatial 

sampling of three isolation housing units, assessing each sample for SARS-CoV-2 

abundance by RT-qPCR, linking the results to 16S rRNA gene amplicon sequences (to 

assess the bacterial community at each location) and to the Cq value of the 

contemporaneous clinical test. Our results show that the highest SARS-CoV-2 load in this 

setting is on touched surfaces such as light switches and faucets, but detectable signal 

is present in many non-touched surfaces (e.g., floors) that may be more relevant in 

settings such as schools where mask wearing is enforced. As in past studies, the bacterial 

community predicts which samples are positive for SARS-CoV-2, with Rothia sp. showing 

a positive association. 
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Importance 

Surface sampling for detecting SARS-CoV-2, the virus that causes coronavirus 

disease 2019 (COVID-19), is increasingly being used to locate infected individuals. We 

tested which indoor surfaces had high versus low viral loads by collecting 381 samples 

from three residential units where infected individuals resided, and interpreted the results 

in terms of whether SARS-CoV-2 was likely transmitted directly (e.g. touching a light 

switch) or indirectly (e.g. by droplets or aerosols settling). We found highest loads where 

the subject touched the surface directly, although enough virus was detected on indirectly 

contacted surfaces to make such locations useful for sampling (e.g., in schools, where 

students do not touch the light switches and also wear masks so they have no opportunity 

to touch their face and then the object). We also documented links between the bacteria 

present in a sample and the SARS-CoV-2 virus, consistent with earlier studies. 

 

4.1 Introduction 

Environmental monitoring for severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) RNA by reverse transcription-quantitative polymerase chain reaction (RT-

qPCR) is increasingly gaining acceptance. In the Safer at School Early Alert (SASEA) 

(https://saseasystem.org/) project, daily surface swabbing was employed as part of an 

effort to detect coronavirus disease 2019 (COVID-19) cases in nine elementary schools. 

This study identified 89 clinically positive COVID-19 cases, 33% preceded by a room-

matched surface positive (1). As pandemic response measures like SASEA become more 

widely implemented, understanding where SARS-CoV-2 signatures will most likely be 

https://saseasystem.org/
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found reduces cost and labor of surface swabbing in large facilities. Previous work has 

focused on sampling arbitrary surfaces in isolation and congregate care facilities, homes, 

and hospitals, with varying detection performance obscuring which surfaces are best for 

monitoring COVID-19 spread (2-6). Counterintuitively, high-touch hospital surfaces 

expected to accumulate viral load, including door handles and patient bed rails, can yield 

lower SARS-CoV-2 detection rates, presumably because they are cleaned more often (7-

8).  

Most microbes in the built environment come from human inhabitants (9-11). Oral, 

gut, and skin microbiomes of COVID-19 patients change during disease (8,12-13); 

therefore, SARS-CoV-2 positive built environmental samples may differ in bacterial 

communities from SARS-CoV-2 negative samples. This has been documented in a 

hospital setting, with associations between SARS-CoV-2 status (Detected/Not Detected) 

and both the overall microbial community and Rothia spp. specifically (8). 

To extend these results to a residential setting and understand how SARS-CoV-2 

is distributed in the living space of an infected individual, we performed environmental 

sampling in the apartments of three people who recently tested positive for COVID-19 

(Sup. Fig. AD.1.S1) while quarantined in an isolation facility. On the day of swabbing, 

each quarantining individual provided an anterior nares swab sample (Average Cq: 29.5, 

28.4, 28.6 for Apartments A, B, and C respectively). Although apartments differed in size, 

floor plan, and features (furniture, appliances, etc.), similar features at similar densities 

were swabbed across all three (n=140,116,125).  
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Each sampled surface was swabbed twice in immediately adjacent locations: first 

with a swab premoistened and stored in 95% ethanol, then by a second swab 

premoistened and stored in a 0.5% SDS w/v solution (Supplementary Materials and 

Methods). Ethanol samples underwent 16S V4 rRNA gene amplicon (16S) sequencing, 

and SDS samples underwent RT-qPCR for SARS-CoV-2 detection. 16S sequences were 

demultiplexed, quality filtered, and denoised with deblur (14) in Qiita (15) (Study 

ID:13957) using default parameters. Resulting feature tables were processed using 

QIIME2 (16). 

 

 

4.2. Findings 

We collected 381 matched 16S and SARS-CoV-2 surface samples from the three 

apartments, of which 178 (47%) were positive for SARS-CoV-2 (Fig. 4.1) (Sup. Table S1). 

Apartments A and C had comparable positivity rates (53% and 61%, respectively), but 

Apartment B was substantially lower (24%). In all three apartments, the rate of detection 

was highest in the bedroom (72% on average vs 47% overall). The swabbed surfaces 

were grouped into three categories: high-touch, low-touch, or floors. High-touch surfaces 

include door handles, switches, and countertops while walls, door faces, and ceiling fans 

are examples of low-touch surfaces. High-touch surfaces and floors had positivity rates 

2-3 times higher than low-touch surfaces across all apartments (Sup. Table S2). 
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Figure 4.1. Distribution of SARS-CoV-2 viral load in isolation dorm apartments. (A-C) 
Floor plans for each apartment highlighting where SARS-CoV-2 RNA signatures were 
detected. (Inset) 3D rendering of the kitchen in Apartment C showing SARS-CoV-2 viral 
load in Genomic Equivalents (GEs) mapped to features in that room. 
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We estimated surface viral load, in viral Genomic Equivalents (GE’s), from Cq’s 

using published regression curves (17) and mapped resulting viral loads onto 3D 

renderings of each apartment. High-touch surfaces had the highest viral load across all 

apartments, followed by floor samples and then high-use objects (fridge, sinks, toilets, 

beds) (Fig. 4.1). The maps for each apartment were studied to understand patterns of 

SARS-CoV-2 detection and deposition by room use. In the kitchens, objects with planar 

faces and handles, such as the refrigerator, cabinets, and drawers, revealed that only the 

touched handles had detectable RT-qPCR signal (Fig. 4.1C inset, as an example). We 

could not detect viral RNA on adjacent planar faces, which were presumably breathed on 

but not touched.  

For quality control of 16S sequencing from low-biomass samples, we sequenced 

surface swabs from the apartments together with positive and negative controls using 

KatharoSeq (Supplementary Materials and Methods) (Sup. Fig. AD.1.2A) (18). Of 381 

samples that underwent 16S sequencing, 121 fell below the KatharoSeq threshold and 

were excluded (Sup. Fig. AD.1.S2C). Informed by alpha rarefaction curves (Sup. Fig. 

AD.2.S2B), remaining samples were rarefied to 4000 features [sub-operational-

taxonomic-units (sOTUs) (14)], removing an additional 36 samples from the analysis. 

Therefore, 157 samples were excluded from downstream analyses (122 SARS-CoV-2 

negative matched swabs, 35 positive) (Sup. Fig. AD.2.S2C).  

Bacterial alpha diversity analysis revealed a significant difference in Faith’s 

phylogenetic diversity (Faith’s PD) metric between SARS-CoV-2 detection status 

groupings at whole dataset level, but limited significant differences within apartments or 
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room types (Sup. Fig. AD.2.S3). Forward stepwise redundancy analysis (RDA) using the 

unweighted UniFrac beta diversity metric identified four non-redundant variables of 

significant effect size (apartment, surface material, type of room, and SARS-CoV-2 

detection status) which accounted for 45.4% of the variation in the data (Sup. Fig. 

AD.2.4B). Analyzed by apartment, only in apartment B did virus detection lack significant 

effect. When subsetting the entire dataset by room type, detection status had a significant 

effect on variability across all rooms. 

To test whether the bacterial community predicted SARS-CoV-2 status, we built a 

random forest classifier using rarefied sOTU data. The overall Area Under the Precision-

Recall Curve (AUPRC) was 0.78, suggesting a statistically significant association, but 

insufficiently strong to predict SARS-CoV-2 status of a single sample from the bacterial 

community (Fig. 4.2A-B). We also applied compositionally aware, multinomial regression 

to our dataset to identify differentially abundant microbes between SARS-CoV-2 status 

groups (19). Because this regression model implicitly accounts for variable sequencing 

depth by modeling the relative log-fold-change of each feature in centered log-ratio (CLR) 

coordinates (20), we used unrarefied data as an input exclusively for this method (details 

in Materials and Methods). The top 32 features identified by the random forest classifier 

and the ranked log-fold-changes in feature abundance from the multinomial regression 

are shown in Figure 2C. Agreeing with previously published findings, Rothia dentocariosa 

was one of the top features identified by the classifier and was relatively positively 

associated with SARS-CoV-2 positive samples in the regression (8,12). Six sOTUs 

belonging to members of the genus Corynebacterium were also highly ranked as 

predictive for positive samples (Fig. 4.2C).   
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Figure 4.2. Analysis of microbial features associated with SARS-CoV-2 signatures. (A) 
Area under the precision-recall curve showing the overall prediction performance of the 
random forest classifiers when trained on the features from two apartments and cross 
validated on the remaining apartment. (B) Confusion matrix showing per-room type 
classifiers’ performances (AURPC) when cross-applied on the remaining room types. The 
diagonal represents self validation. (C) Phylogenetic tree visualization (EMPress) where 
the differentially-abundant features between SARS-CoV-2 status groups identified by 
multinomial regression (Songbird) are plotted on the inner ring (red: positive log-fold-
change in SARS-CoV-2 positive group, blue: negative log-fold-change in SARS-CoV-2 
positive group), and the ranked sOTUs (top 32) identified as important by the random 
forest classifier are indicated on the outer ring. Leaves of the phylogenetic tree represent 
sOTUs relevant to the microbiome diversity and differential abundance analyses (number 
of sOTUs = 1047). The taxonomic classification (p_:phylum) of the sOTUs is indicated as 
colored branches in the phylogenetic tree.  
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Our results show that detailed spatial mapping of SARS-CoV-2 RNA abundance 

and associated bacterial signatures from built environment surfaces provides useful 

insight into potential sampling locations and associations between the viral and bacterial 

components of the microbiome. In the residential setting, high-touch surfaces have 

especially high viral loads, although confirming this with detailed spatial maps in other 

settings (hospitals, isolation hotels, schools) may be useful for guiding sampling designs. 

However, while high-touch surfaces have higher viral loads, floors had the highest rate of 

positivity, effectively rendering both floors and high-touch surfaces as good candidates 

for detecting SARS-CoV-2 indoors. We note that sensitivity of arbitrary single surface 

sampling to detect presence of even an unmasked COVID-19 patient is low, which was 

clearly evidenced in Apartment B where approximately only 1 in 4 random surface 

samples returned a SARS-CoV-2 detection event, so multiple samples or samples from 

selected surfaces should be collected. Although Apartment B had a considerably lower 

rate of positivity, trends of SARS-CoV-2 detection across indoor spaces and surface types 

closely mirrored those seen in the other two apartments in this study, and largely agree 

with other surveys of SARS-CoV-2 RNA traces in the residential setting (5-6). These 

results reinforce the utility of surface monitoring as a robust, cost-effective method for 

locating SARS-CoV-2 signals in the environment. 

 Our findings also corroborate SARS-CoV-2 associated changes in the microbiome 

published previously. Rothia dentocariosa specifically has been identified across different 

sample types in diverse settings, although reasons for these associations remain unclear. 

We also see multiple sOTUs belonging to the genus Corynebacterium predictive of a 

SARS-CoV-2 detection event, in contrast to the results of another study that found 
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Corynebacterium significantly decreased in the oral microbiome of individuals with 

COVID-19 (11). We hypothesize that Corynebacterium signal in this study might be 

evidence of human skin contamination of indoor surfaces through contact (22 - 23), 

leading to SARS-CoV-2 deposition on surfaces. It has been established that the 

occupants of a room contribute to the environmental microbiota, but our findings are 

among the first to demonstrate that disease-associated changes in the microbiome are 

mirrored in the built environment.  
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Appendix A. Supplemental Material for Chapter 1 Analysis of 

SARS-CoV2 RNA persistence across indoor surface materials 

reveals best practices for environmental monitoring programs 

AA.1. Supplemental Figures 
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Figure A.A.1.S1. Comparison of signal persistence from heat-inactivated and untreated 
samples. (A) Swarm-plot showing distribution of average Cq of viral gene calls for acrylic 
and carpet (olefin) surfaces for both heat-inactivated and untreated samples. (B) Swarm 
plot comparing distribution of average Cq of viral gene class for heat-inactived or 
untreated samples. (C) Linear regression on Cqs from paired samples between heat-
inactivated and untreated samples.  
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Figure AA.1.2. Lineplots showing the average Cq of RT-qPCR viral signals for Positive 
samples (circles) over seven days with overlaid scatterplots showing Cq for Inconclusive 
samples (diamonds). Inconclusive samples increase sensitivity of viral detection through 
surface swabs, seen as increased datapoints for low viral spike-ins in comparison to 
Positive samples alone. Viral spike-in concentrations reported as GE’s from ddPCR. 
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AA.2. Supplemental Tables 

Table AA.2.S1. Statistically significant differences from pairwise Mann-Whitney U tests 
between ranked values of average Cq from viral gene calls grouped by surface type after 
correction for multiple comparisons (** FDR-Benjamin/Hochberg, alpha = 0.005, N.s. = 
Not Significant) 

 

Surface Type carpet 

(olefin)

[live] 

carpet 

(olefin) 

carpet 

(polyes

ter) 

ceramic 

tile 

painted 

drywall 

steel vinyl MDF acrylic 

[live] 

acrylic glass 

carpet (olefin) N.s.           

carpet (olefin)[live] N.s. N.s.          

carpet (polyester) N.s. N.s. N.s.         

ceramic tile ** ** ** N.s.        

painted drywall ** ** ** N.s. N.s.       

steel ** ** ** ** ** N.s.      

vinyl ** ** ** N.s. N.s. N.s. N.s.     

MDF ** ** ** N.s. ** N.s. N.s. N.s.    

acrylic [live] ** ** ** N.s. ** N.s. N.s. N.s. N.s.   

acrylic ** ** ** N.s. ** N.s. N.s. N.s. N.s. N.s.  

glass N.s. ** ** N.s. N.s. N.s. N.s. N.s. N.s. N.s. N.s. 
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Table AA.2.S2. Primer and probe sequences used for digital droplet PCR quantification 
of viral genome equivalents 
Primer name Modification Sequence (5’-3’) 

COVID19_ORF1a-F  GTCGTAGTGGTGAGACACTTG 

COVID19_ORF1a-R  GGCCACCAGCTCCTTTATTA 

COVID19_ORF1a-Prb FAM/ZEN/IBFQ ATACCAGTGGCTTACCGCAAGGTT 

RPP30-F  GATTTGGACCTGCGAGCG 

RPP30-R  GCGGCTGTCTCCACAAGT 

RPP30-Prb HEX/ZEN/IBFO CTGACCTGAAGGCTCT 
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Table AA.2.S3. Individual SARS-CoV-2 target gene positive criteria. Positive results were 
called on individual SARS-CoV-2 target genes that had a Cq of <37 with a confidence 
>0.7. A positive result on the extraction control gene (MS2) was called when it had a Cq 
of <37 with a confidence of >0.3. 

 

Individual Target Passing Criteria 

Target Cq Range Cq Confidence 

ORF1ab (viral) <37 >0.7 

N Gene (viral) <37 >0.7 

S Gene (viral) <37 >0.7 

MS2   (control) <37 >0.3 
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Table AA.2.S4. RT-qPCR test result positive criteria. A Positive status was called for 
samples that had at least 2/3 positive calls on the SARS-CoV-2 target genes. An 
Inconclusive status was called on samples with only 1/3 positive calls on the SARS-CoV-
2 target genes.  A SARS-CoV-2 Detected result was called on samples where at least 
one out of three SARS-CoV-2 targets had a positive call; both Positive and Inconclusive 
status samples yielded SARS-CoV-2 Detected results. A Negative status was called on 
samples that had a positive call on the control gene and no positive calls on the SARS-
CoV-2 target genes. An Invalid result was called when neither the control gene nor the 
viral target genes generated a positive call.  
 

ORF1ab N Gene S Gene MS2 Status Result 

Neg Neg Neg Neg Invalid Invalid 

Neg Neg Neg Pos Negative SARS-CoV-2 Not 

Detected 

Only one target=Pos Pos/Neg Inconclusive SARS-CoV-2 

Detected 

Two or more Targets=Pos Pos/Neg Positive SARS-CoV-2 

Detected 
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A.A.3. Supplemental Information and Methods 

 

Generation of Viruses 

SARS-CoV-2 isolates USA-WA1/2020 (NR-52281) and Beta/B.1.351 hCoV-

19/South Africa/KRISP-K005325/2020 (NR-54009) were obtained from BEI Resources. 

WA1 was propagated on VeroE6 cells. B.1.351 was passaged one time through primary 

bronchial epithelial cells differentiated at air-liquid interface (described below) to select 

against furin site mutations and then expanded on TMPRSS2-Vero cells (JCRB1819 

established by Takeda, M., Sekisui XenoTech LLC). Viral genome copy number was 

determined by digital droplet PCR (ddPCR) of SARS-CoV-2 ORF1A performed by the 

Center for AIDS Research (CFAR) Genomics and Sequencing Core at UCSD. Heat 

inactivation was performed by incubating the virus at 65°C for 30 min. All work with SARS-

CoV-2 was conducted in Biosafety Level-3 conditions at the University of California San 

Diego. 

 

Bronchial epithelial cell culture and differentiation at air-liquid interface 

Primary normal human bronchial epithelial cells (NHBECs) were acquired from 

Lonza (NHBE CC-2540; Walkersville, MD). The cell passage 1’ frozen vial of NHBECs 

provided were tested and certified negative for HIV, HBV, HCV, sterility, and mycoplasma. 

NHBECs were revived from cryopreservation and expanded with PneumaCultTM Ex-Plus 

media (StemCell, 05040; Tukwila, WA).  When cells were ~70-80% confluent, they were 

dissociated and seeded on collagen-coated transwells (Corning, 29442-082) pre-coated 

with 50 µg/mL Collagen type I from rat tail (BD Biosciences, 354236) at 7.5 µg/cm2. 
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Collagen-coated transwells were rehydrated with 100 µL PneumaCult TM Ex-Plus media 

at 37°C, 5% CO2 for 30 minutes prior to seeding NHBECs for ALI culture. NHBECs were 

then seeded at 50,000 cells in 200 µL of media per collagen-coated transwell with 500 µL 

in the basolateral chamber. Media was changed on days 1 and 3 and then exchanged for 

PneumaCult TM ALI media (StemCell, 05021) supplemented with 10 μM ROCK inhibitor 

(Tocris, Y-27632) on day 4-7. Upon reaching confluency, approximately on Day 8, the 

apical media was removed, and the basal media replaced with PneumaCult TM ALI media 

without Y-27632. On the following day, the basal media was changed with fresh ALI 

media. Subsequent media changes were every 2-3 days.  On Day 14 post-airlift, the 

apical surfaces were washed with DPBS, once per week. Cells were grown in 37°C, 5% 

CO2 incubator until four weeks airlifted. 

 

Infection of NHBECs at ALI 

Prior to infection, apical chamber was incubated with two 30 min washes of PBS 

at 37°C, 5% CO2. Virus diluted in PBS was added to the apical chamber in 100uL and 

removed after 24h. Apical washes (150uL PBS with 10 min incubation at 37°C, 5% CO2,) 

were taken daily and stored at -80°C. Titer was determined by focus forming assay on 

TMPRSS2-Vero cells. 

 

Digital droplet PCR 

RNA was extracted using the QIAamp Viral RNA Mini kit (QIAGEN) following 

manufacturer’s instructions. Equal volumes of RNA were run in triplicate and amplified in 

a 20 µL reaction (One-step RT-ddPCR Advanced Kit; Bio-Rad) with 900nM each primer 
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and 250nM probe_FAM/ZEN/IBFQ ORF1a with RNAse P as an internal control. Droplets 

were generated (QX200 droplet generator; Bio-Rad) and placed in ddPCR™ 96-Well 

Plates (Bio-Rad). Plates were heat-sealed and transferred to an Applied Biosystems Veriti 

96 Well Thermal Cycler. PCR reaction conditions were 25°C for 3 min, 45°C for 60 min, 

95°C for 10 min, and then cycled 45 times at 95°C for 30 sec, 60°C for 60 sec. Droplets 

were read on a QX200 droplet reader (Bio-Rad). The primers and probes use are 

described in Table A.A.2.S2. 

 

Preparing Surfaces 

The acrylic (Plaskolite, MC-05), carpets (olefin (TrafficMaster, 0701649510) and 

polyester (TrafficMaster, 7PD5N480144H)), ceramic tile (Daltile, MA031014HD1P2), 

glass (Gardner Glass Products, 11216), melamine-finished particleboard (MFP) 

(Roseburg, 371595), steel (M-D Building Products, 56020), and vinyl flooring (Lifeproof, 

I536111L) were purchased from a hardware store and used without modification. A slab 

of drywall (USG Sheetrock Brand, 141133) was painted with three coats of a white, matte 

interior paint and primer (Glidden, GLN9012N) and allowed to dry. Each of the nine 

surfaces were divided into 5 cm by 5 cm grids, sprayed with 70% v/v ethanol in water, 

and wiped down with a paper towel. The grid sections on the carpet materials were 

separated by 1 cm to prevent diffusion of the viral inoculum into neighboring sections. 

 

Inoculating Surfaces 

In both the heat-inactivated and untreated virus experiments, a concentrated stock 

of SARS-CoV-2 was diluted to create solutions with concentrations of 5x104, 1x104, 
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5x103, 1x103, 5x102, 1x102, 5x101, 1x101 GEs/µL. A 10 μL volume of each solution was 

slowly dispensed onto a grid section while moving the pipette tip in a raster pattern in an 

attempt to evenly distribute the aliquot over each grid section’s 25 cm2 area. Water was 

dispensed in the same fashion onto sections that were swabbed each day as negative 

controls. The grid sections sampled for the first timepoint were allowed to dry for 1 hr 

before swabbing. 

The surfaces inoculated with untreated virus were placed in tupperware containers 

in between inoculation and swabbing so that they could be safely stored outside of a 

biosafety cabinet. Surfaces inoculated with heat-inactivated virus were kept on 

designated bench tops without a container. 

 

Swabbing 

For each sample, a 1 mL sample collection tube (ThermoFisher Scientific, 3740TS) 

containing 800 µL of 0.5% w/v sodium dodecyl sulfate (SDS) (Acros Organics, 

230420025) in water was prepared. This solution was chosen because 0.5% SDS has 

been shown to effectively inactivate amounts of SARS-CoV-2 used in this study after 30 

minutes of contact time [1, 2]. To recover viral genetic material from the surface sections, 

a flocked swab (Affordable IHC Solutions) was pre-moistened with 0.5% SDS solution 

from a 1mL sample collection tube and the grid section was swabbed in a horizontal zig 

zag pattern, followed by a vertical zig zag pattern and finally, the same pattern in a 

diagonal orientation. The swab was rotated while swabbing and sufficient pressure was 

applied to maximize the contact surface area between the flocculated swab and the 

surface being swabbed. The flocculated end of the swab was placed back into the same 
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sample collection tube and the swab shaft was broken at the designated break point (3 

cm break point). The 1D barcode of each tube was scanned using a handheld barcode 

scanner in order to link the sample to the experimental conditions of the swabbed surface.  

 

Sample accession 

Sample tubes were randomized and racked in barcoded 96-well tube racks 

(ThermoFisher Scientific, 4897). Sample identity was tracked using 2D barcodes at the 

bottom of each tube, which were scanned using a VisionMate Barcode Reader 

(ThermoFisher Scientific, 312800). A laboratory information management system (LIMS) 

was employed to track samples in multiwell plate formats using plate barcodes. [3,4] 

 

Nucleic acid extraction 

Individual 96-well tube racks were vortexed for 5 minutes to promote the 

suspension of viral particles from the swabs into the 0.5% SDS solution. Afterwards, 150 

µL of the suspension buffer (0.5% SDS) were transferred with a multichannel pipette into 

barcoded deep well extraction plates and processed using the Omega MagBind Viral 

DNA/RNA kit (Omega Bio-Tek, M6246) on the Kingfisher Flex (ThermoFisher Scientific) 

platform following manufacturer’s protocol with the following modifications: only 150µL of 

sample input was used (instead of the recommended 200µL) and 10 µL of MS2 phage 

was added to each well as an extraction control.  
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RT-qPCR (Multiplexed TaqPath)  

Viral gene detection assays were performed using the RT-qPCR-based TaqPath™ 

COVID-19 Combo Kit (ThermoFisher Scientific, A47814) on a QuantStudio 7 Pro with a 

384-well sample block (ThermoFisher Scientific) according to the manufacturer’s protocol 

with the following modifications: 2 µL of purified RNA was added to a 1 µL reaction mix 

containing 0.75 µL TaqPath 4x Enzyme mix (ThermoFisher Scientific, A28523), 0.15 µL 

multiplex probe mix, and 0.1 µL nuclease free water, for a total reaction volume of 3 µL. 

Low volume transfers (< 5µL) were done with Mosquito HV Liquid Handlers (SPT 

Labtech). The following RT-qPCR cycling conditions were used: 25°C for 2 minutes, 53°C 

for 10 minutes, 95°C for 2 minutes, 55 cycles of 95°C for 3 seconds, and 60°C for 30 

seconds. The signal was measured at the end of each 30 second interval at 60°C. 

Baseline determination and quantification cycle (Cq) signal determination were made 

using the Design and Analysis v2.4.3 software (Applied Biosystems) using the relative 

threshold (Crt) method.  Positive calls for individual gene reporters were made according 

to Table AA.2.S3. 

Because Inconclusive (only ⅓ viral target genes detected) samples allowed for 

increased sensitivity without considerable introduction of noise (Fig S2), the criteria for 

SARS-CoV-2 Detected results from surface swabs was defined as at least one out of 

three viral gene targets amplified. The US Food and Drug Administration has issued 

Emergency Use Authorization (EUA) for more than 150 RT-qPCR assays for the 

detection of SARS-CoV-2, the majority of which define a positive result as amplification 

in a single target [5]. The environmental surface swab result criteria used for this study is 

described in Table A.A.2.S4. 
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Controls 

9 out of 81 (%11.1) blank surface swabs (surfaces inoculated with water) showed 

some viral signal. Contaminated blank surface swabs were exclusive to carpet (olefin), 

vinyl, acrylic, and MFP surface types, but not exclusive to any particular timepoint. All RT-

qPCR positive controls behaved as expected. 2 out of 21 RT-qPCR negative controls 

failed to detect the extraction control (MS2 phage), but in both of those occasions, an 

alternative RT-qPCR negative control within the same RT-qPCR plate, respectively, 

yielded valid Not Detected results.  
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Appendix B. Supplemental Material for Sentinel Cards Provide 

Practical SARS-CoV-2 Monitoring in School Settings 

AB.1. Supplemental Figures 
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Figure AB.1.1. Diagram of sampling events for each day of the experiment. Each day the 
sentinel cards were swabbed pre- and post-inoculation and post wiping. 
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Appendix C. Supplemental Material for Implementation of 

Practical Surface SARS-CoV-2 Surveillance in School Settings 

AC.1. Supplemental Figures 

AC.2. Supplemental Tables 

  



   

 

 

88 

Table AC.2.S1. Average Cq of paired environmental samples from isolation rooms. The 
table shows the RT-qPCR results for the paired environmental samples (SDS, VTM) that 
were processed with the different combinations of extraction and RT-qPCR facility. The 
number of hits indicates how many gene targets were amplified during RT-qPCR. 
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Table AC.2.S2. The standard surface sampling parameters are shown here. The UCSD 
based lab processed samples collected with SDS as the swabbing medium using a 
Thermo pipeline for RNA extraction and RT-qPCR. SDPHL however processes samples 
collected with VTM and uses the Perkin-Elmer pipeline for extracting RNA and performing 
RT-qPCR.  
 

Lab  Sample collection 
medium  

RNA extraction  RT-qPCR 

UCSD  SDS  Thermo pipeline  Thermo pipeline 

SDPHL  VTM  PerkinElmer 
pipeline  

PerkinElmer 
pipeline 
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Table AC.2.S3. The 4 combinations of extraction and RT-qPCR facilities are shown here. 
The UCSD-based lab processed samples collected with SDS as the swabbing medium 
using a Thermo pipeline for RNA extraction and RT-qPCR. SDPHL however processes 
samples collected with VTM and uses the Perkin-Elmer pipeline for extracting RNA and 
performing RT-qPCR.  
 

 

Extraction Pipeline 

Thermo (UCSD) PerkinElmer (PHL) 

RT-qPCR Pipeline 
Thermo (UCSD) Thermo PE/Thermo 

PerkinElmer (PHL) PE/Thermo PE 
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Appendix D. Supplemental Material for SARS-CoV-2 

Distribution in Residential Housing Suggests Contact 

Deposition and Correlates with Rothia sp. 

AD.1. Supplemental Figures 
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Figure AD.1.S1. Timeline of events from first positive test to the end of the individual’s 
quarantine period. Apartment C has no move in date because the individual quarantined 
in place. 
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Figure AD.1.S2: Exclusion criteria for low biomass samples. (A) Diluted stock of a 
KatharoSeq positive control was sequenced along with the environmental samples and 
the resultant reads underwent pre-processing as detailed in the Supplementary Materials 
and Methods.The KatharoSeq Threshold (dashed lined), a minimum number of reads 
derived from a fitted allosteric sigmoidal curve, corresponds to a sequencing depth where 
at least 80% of the positive control reads are taxonomically classified to the appropriate 
target organisms (B) Top panel: Rarefaction curve showing observed features (alpha 
diversity metric) as a function of sequencing depth. Bottom panel: Graph showing how 
many samples would be included in downstream analysis as a function of rarefaction 
depth. (C) Table showing how many samples were removed at the KatharoSeq and 
Rarefaction thresholds and overall [(+) = SARS-CoV-2 positive, (-) = SARS-CoV-2 
negative ]. 
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Figure AD.1.S3. Associations between microbial diversity and SARS-CoV-2 detection. 
(A) Mann-Whitney U test comparing ranked Faith’s PD values from microbiome samples 
show a significant difference when grouped by SARS-CoV-2 status (U=7767, 
***p=2.26x10-5). (B) When subsetting the samples by apartment, only apartment A shows 
a significant difference in Faith’s PD values between SARS-CoV-2 status groups 
(**p≤0.001). (C) When subsetting the samples by room type, only the bedroom and 
kitchen show significant differences in Faith’s PD values between SARS-CoV-2 status 
groups (*p≤0.01).  
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Figure AD.1.S4. Beta diversity analysis identifies the factors that contribute most to the 
separation of the data. (A) Principal coordinates analysis of the Unweighted Unifrac 
distance matrix shows that a major driver in the separation of this data is which apartment 
the samples came from. (B) Barplot showing the statistically significant effect sizes for 
non-redundant variables returned by RDA analysis. The largest effect size was explained 
by apartment (30.7%, p=0.0002), followed by surface material (10.7%, p=0.0002), room 
type (3.2%, p=0.0004), and SARS-CoV-2 detection status (0.84%, p=0.01). 
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AD.2. Supplemental Tables 
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Table AD.2.S1. Environmental samples with detectable SARS-CoV-2 per apartment and 
room type.  
 

Apartment Room Type Positives Negatives % Positive 

A 

Bathroom 19 21 48% 

Living Room 21 5 81% 

Kitchen 23 26 47% 

Living Room 11 14 44% 

Total 74 66 53% 

B 

Bathroom 4 20 17% 

Living Room 12 13 48% 

Kitchen 8 41 16% 

Living Room 4 14 22% 

Total 28 88 24% 

C 

Bathroom 22 14 61% 

Living Room 19 2 90% 

Kitchen 25 27 48% 

Living Room 10 6 63% 

Total 76 49 61% 

ALL TOTAL 178 203 47% 
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Table AD.2.S2. Environmental samples with detectable SARS-CoV-2 per apartment and 
surface type. 
 

Apartment Surface Type Positives Negatives % Positive 

A High Touch 42 27 61% 

Low Touch 17 36 32% 

Floor 15 3 83% 

B High Touch 18 38 32% 

Low Touch 5 42 11% 

Floor 5 8 38% 

C High Touch 47 12 80.0% 

Low Touch 19 35 35% 

Floor 10 2 83% 

ALL High Touch 107 77 58% 

Low Touch 41 113 27% 

Floor 30 13 70.0% 

 

 




