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Highlights
· Primary schools are congregate settings with an elevated risk of transmitting respiratory virusesdisease transmission.
· Desk surfaces in primary school classrooms were sampled during the 2019 cold and flu season and the presence of human respiratory viruses was quantified.
· Respiratory viruses including adenovirus, rhinovirus, and coronavirus occurred on approximately 20% of desks sampled. 
· The identity, distribution and abundance of human viruses on school surfaces can inform risk assessment and may be useful for infection surveillance for COVID-19 infections. 


















Abstract: Schools represent high occupancy environments and well-documented high-risk locations for the transmission of respiratory viruses. The goal of this study was to report on the area density, occurrence, and type of respiratory viruses on desks in primary school classrooms. Quantitative reverse transcription polymerase chain reaction (qPCR) techniques were employed to measure nucleic acid area densities from a broad range of human adenoviruses and rhinoviruses, as well as coronavirus OC43, influenza A, and norovirus GI. Every two weeks, virus monitoring was conducted on the desks of four primary school classrooms in Colorado, USA, during the 2019 respiratory virus season. DNA and RNA from respiratory viruses and norovirus were recovered from more than 20% of the desks sampled; occurrence patterns that indicate a greater than 60% probability of encountering any virus, if more than five desks were occupied in a day. Rhinoviruses and adenoviruses were the most commonly detected viruses as judged by the composite of occurrence  and number of gene copies recovered. Desktop adenosine triphosphate monitoring did not predict the recovery of viral genomic materials on desks. School desks can be commonly contaminated with respiratory viruses. Genomic surveys of the identity, distribution and abundance of human viruses on “high-touch” surfaces, can help inform risk assessments, design cleaningdisinfection interventions, and may be useful for infection surveillance.
Abbreviations: q(RT) PCR-quantitative reverse transcription polymerase chain reaction; ATP-adenosine triphosphate; HAdV-human adenovirus; HRV-human rhinovirus; HCoV-human coronavirus; HIV-human influenza virus; HNoV-human norovirus
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Introduction
     The morbidity of respiratory viruses among children is large. In the US, children aged between 5 to 9 years old contract three to six respiratory infections per year on average, and the occurrence of respiratory illness in this age group is greater than older children or adults (Monto 2002). Most upper respiratory infections are caused by viruses including human rhinoviruses (HRV), human influenza viruses (HIAV), human parainfluenza viruses (HPIV), human adenoviruses (HAdV), human coronaviruses (HCoV), and human respiratory syncytial virus (RSV) (Cotton, Innes et al. 2008), with most available evidence suggesting these infections can be transmitted through direct (droplet and contact) or indirect (fomite, aerosols) routes (Kutter, Spronken et al. 2018). Transmission is associated with high occupancy settings, including schools, where students spend 6 to 8 hours of their day, (National Center for Education Statistics 2020) and respiratory infection has significant impact on school absenteeism and academic performance (Nichol, Heilly et al. 2005, Azor-Martínez, Gonzalez-Jimenez et al. 2014).  
     Both laboratory studies and epidemiological evidence support that high touch environmental surfaces are potential transmission routes for respiratory virusesdisease (Boone and Gerba 2007). In addition to direct contact, desks present large horizontal surfaces from which droplets and fine aerosols may deposit. Significant variability in cleaning practices has been reported by schools with one recent study of 181 primary school classrooms revealing that desk cleaning schedules range from daily cleaning to never cleaning (Smedje and Norbäck (2001).  Microbiome-based studies demonstrate that students have close contact with desks and while bacterial, fungal, and human skin cell densities are initially reduced by cleaning, they redevelop within 2 to 5 days (Kwan, Shaughnessy et al. 2018). 
     The following study was conducted to determine the identity, distribution and abundance of respiratory and enteric viruses on classroom desks during the winter and spring of 2019 in an elementary school in the State of Colorado, USA. Desks were sampled on ten different occasions over a spring semester and the area density of viruses were determined by quantitative (reverse transcription) PCR from samples collected in second, third, and fourth grade classrooms. Viruses considered included adenoviruses, human influenza A viruses, rhinoviruses, coronavirus OC43, and norovirus GI strains. Information on the area density and occurrence of respiratory and enteric viruses on desks can provide needed insight and context into children’s tactile exposure and may indicate viral disease incidence in schools. 

Materials and Methods
     School setting and sample collection. Samples were collected from desktops in a public elementary school located in Colorado, USA.  Cleaning protocols in this school include desk wiping and disinfection twice per year. Desktop viruses were sampled from five randomly chosen desktops of four classrooms in two different schools during each sampling event between January and May, 2019. There were a total of ten sampling events as follows: three consecutive weeks in January; two non-consecutive weeks in February; a week in mid-march; two non-consecutive weeks in April; and two non-consecutive weeks in May.  Average classroom occupancy was 26 students and 2 instructors and the classrooms represented second, third or fourth grades with typical student ages ranging from 7 to 10 years. To sample desks, sterile swabs were wetted with 200 L Zymo RNA/DNA Shield sampling and preservative solution. Sampling was then performed by swabbing a 25 cm2 area near the center of each desk. After sampling, swabs were inserted into sterile 2 mL screw-cap tubes, and stored at -80oC before being shipped on ice to Yale University, New Haven, Connecticut USA for viral analysis. 	Comment by Rubino, Joseph: March
     Immediately following virus sampling, surface-associated adenosine triphosphate (ATP)  was also quantified in a similar-sized area adjacent that sampled for virus recovery. Adenosine triphosphate is an indicator of biologically active biomass and can be measured through the luminescence created when ATP and luciferin react (Lundin 2000). Surface-associated ATP was monitored using a commercially available handheld real-time detection system (novaLUM, Charm Sciences) that converts ATP reactions into relative light units (RLUs), which is then normalized to the 25 cm2 area sampled. 
     Viral analysis. Viral RNA was quantified by quantitative reverse transcription polymerase chain reaction (qRT-PCR) and qPCR was used for DNA viruses. To prepare samples for quantification, total DNA and RNA was extracted  using a Takara NucleoSpin RNA extraction kit in a 96 well format in accordance with manufacturer’s instructions. One hundred μL of the Zymo RNA/DNA Shield from the 2 mL screw-cap sampling tubes was used for each extraction. Samples containing extracted DNA and RNA were eluted using 100 μL of RNase-free water. For the analysis of RNA viruses, reverse transcription was performed using the Takara PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time) to obtain cDNA.  
     The TaqMan® qPCR method was used for specific viral genome quantitation using primers and conditions developed previously (Table 1). In order to detect the broadest group of human viruses,  genus or group level primers were utilized for human influenza A viruses (HIAV), human adenoviruses (HAdV) and human rhinoviruses (RHV). In the absence of primers specific for viral genera or groups for human coronavirus (HCoV), the commonly circulating strain OC43 was targeted(Mäkelä, Puhakka et al. 1998). Quantitative PCR reactions were carried out in 25 μL total mixture containing 1 μL of extracted virus DNA or cDNA and varying amounts of master mix, primers, and probe in accordance with previously described virus-specific PCR protocols (Table 1) using a  real-time PCRsystem (ABI 7500 Fast Real-time PCR System; Applied Biosystems). Standard curves of concentration threshold (Ct) value versus amplicon number were produced using synthesized fragments of target viral genomes (HAdV strain 2, HRV group A, IAV H1N1 pdm09, HCoV OC43 and norovirus GI). Target viral fragments were synthesized using the BioXp 3200 system (SGI-DNA, La Jolla, CA) and cloned into the pUCGA 1.0 vector (SGI-DNA, La Jolla, CA) using Gibson Assembly (Gibson, Young et al. 2009). Prior to use, the constructs were linearized by restriction enzyme digestion with SalI enzyme (New England Biolabs, Beverly, MA, 
	Virus
	Forward Primer 
(5’ to 3’)
	Reverse Primer
(5’ to 3’)
	Probe
(5’ to 3’)
	Coverage

	influenza A (Ward, Dempsey et al. 2004, Yang, Elankumaran et al. 2011)

	AAG ACC AAT CCT GTC ACC TCT GA

	CAA AGC GTC TAC GCT GCA GTC C
	TTT GTG TTC ACG CTC ACC GT 
	2 strains (H1N1/H3N2)

	norovirus GI(Jothikumar, Lowther et al. 2005)

	GCC ATG TTC CGI TGG ATG
	TCC TTA GAC GCC ATC ATC AT

	TGT GGA CAG GAG ATC GCA ATC TC

	7 strains of GI

	coronavirus OC43(Vijgen, Keyaerts et al. 2005, Gaunt, Hardie et al. 2010)

	ATG TTA GGC CGA TAA TTG AGG ACT AT

	AAT GTA AAG ATG GCC GCG TAT T

	CAT ACT CTG ACG GTC ACA AT

	1 strain (OC43)

	rhinovirus(Do, Laus et al. 2010)
	TCC TCC GGC CCC TGA AT
	GAA ACA CGG ACA CCC AAA GTA GT
	YGG CTA ACC YWA ACC C
	126 strains (60% of serotypes)

	adenovirus(Heim, Ebnet et al. 2003)
	GCC ACG GTG GGG TTT CTA AAC TT
	GCC CCA GTG GTC TTA CAT GCA CAT C
	TGC ACC AGA CCC GGG CTC AGG TAC TCC GA
	51 strains


Table 1. PCR primers and probes used in this study.

USA), column purified with the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany) and mass converted to copy number. All constructs were verified with PCR using primers pUCGA.F/pUCGA.R followed by agarose gel electrophoresis. Amplicon values then were converted to number of virus gene copies and viral area density (virus gene copies m-2). All PCR runs included positive and negative controls, template analysis in triplicate, and a subset of samples were spiked with target sequences to ensure no inhibition occurred.
     Statistics. Occurrence was reported as  the number of positive desks for each respective virus group, divided by the total amount of desks sampled. A two tailed t test (=0.05) was used to determine if ATP levels on virus positive and negative desks were different, and a simple regression was used to describe associations between the total virus gene copies m-2 recovered  and the adjacent ATP observations. Probability of virus occurrence for a single desk assignment scenario was presented based on the percent occurrence for one or a group of viruses; while a  binomial distribution was calculated to describe the parallel occurrence under a scenario where students sit at or interact with multiple desks. 

Results and Discussion 

     Virus occurrence and concentration. Respiratory viruses and norovirus were detected on desks.  Figure 1a is a heat map of virus DNA and RNA occurrence and Figure 1b details the area density (virus gene copies m-2) on positive desks. Rhinovirus was the most commonly detected, and was found on 8.9% of desks, followed by adenovirus (6.7%), norovirus GI (4.4%), and coronavirus OC43 (3.1%). Influenza A virus was not detected on any desk. Virus RNA and DNA were quantified during all months of the study with no statistically difference in monthly occurrence (ANOVA, p=0.19), Figure 1c. The ranking in virus concentration were similar to the viral occurrence, led by rhinovirus and adenovirus. The average area density of viruses representing multiples strains (rhinovirus and adenovirus, 1.3 x 107 gene copies m-2) were greater than the area density of individual strains (coronavirus OC43 and norovirus GI, average 2.3 x 104 gene copies m-2), p=0.03.  
HAdV  HRV  HCoV   IAV    HNoV
                      OC43             GI
log (copies/m2)
 (A)
 (C)
 (B)




























Figure 1. (A) Heatmap demonstrating respiratory virus DNA/RNA occurrence on desks, white spaces represent desks where virus RNA/DNA was not detected; (B) area density of virus DNA/RNA copies on desks, line at median; (C) monthly occurrence of respiratory viruses and HNoV GI on school desks. 


     The detection of viruses on surfaces was likely influenced by several factors. The first is respiratory infection etiology. The most common agents causing upper respiratory infections in children are rhinovirus, followed by the commonly circulating coronavirus strains (HKU1, OC43, NL63, and 229E), with more minor contributions in incidence from influenza, respiratory syncytial virus, para influenza virus, and adenovirus(Heikkinen and Järvinen 2003). With the exception of adenovirus, viral occurrence rankings on desks follows their known contribution to respiratory illness. Respiratory virus occurrence on desks was likely influenced by the PCR primers sets used. Group-specific primers are available to capture most strains of rhinovirus and over 90% of adenovirus strains(Heim, Ebnet et al. 2003), while sufficient homology does not exist within the coronavirus, norovirus, and  influenza virus groups to robustly design primers that can circumscribe all known human strains (Table 1). 

     Influenza was not detected on school desks. Influenza infections are significantly less common than rhinovirus and coronavirus infection. While children typically contract more than two viral respiratory infections per year, the incidence of influenza among children 0 to 17 years of age is less than 10%.(Tokars, Olsen et al. 2017) Also, we note that in approximately 30% of randomly chosen genomes from influenza H1N1 isolated from Colorado in 2019, a mutation was present in the area corresponding to the influenza A reverse PCR primer used in this study. The resulting mismatch may have decreased qRT-PCR efficiency, resulting in reduced detection(Stadhouders, Pas et al. 2010). Finally, influenza is a more severe illness than respiratory infections attributed to rhinovirus, coronavirus OC43, and adenovirus, and students with active flu are more likely to stay home from school. 

     Tactile Exposure potential. Based on percent occurrences, a binomial probability distribution was used to estimate the probability of exposure when engaging a greater number of desks or similarly contaminated high touch surfaces throughout the day (Figure 2). The probability of encountering a desk positive for one of the five virus groups tested increased with greater desk engagement. At five desks per day, the probability of sitting at one or more positive desks was over 60% for respiratory viruses. While these values suggest an increased chance of transmission when moving from surface to surface, the absolute values are not representative of infection risk. The quantification approach used here measures the specific viral nucleic acids and cannot provide information on virus infectivity. In addition, transmission depends on a number of factors, including but not limited to transfer of infectious virus from a surface to mucous membranes, environmental decay of infectivity, receipt of an infectious titer, and the immune status of the individual.(Killingley and Nguyen-Van-Tam 2013) 
[image: ]
Figure 2. Binomial cumulative probability calculation for encountering a desk with one or more respiratory virus. Probability value for one desk is based on occurrence percentages. 

     ATP comparisons. ATP has been used as an indicator for surface cleanliness, most  commonly as a proxy for bacterial pathogen presence(Davidson, Griffith et al. 1999). A comparison between ATP levels on desks that were positive for a respiratory virus or norovirus and ATP levels on desks within the same classroom where viruses were not detected indicate no differences  (p=0.78), Figure 3. Correlations between total virus concentration and ATP concentration on virus positive desks also revealed no association between ATP and virus concentration (R2=0.1, p>0.5). Viruses do not contain or produce ATP and represent a limited mass fraction of the biomass on a school surface. Thus, the analysis here with ATP is more appropriately viewed as addressing the conjecture that human viruses are more likely to be associated with an unclean desk (as judged by ATP). While ATP reductions have been clearly demonstrated due to cleaning and disinfecting surfaces in schools(Shaughnessy, Cole et al. 2013), the absence of an association between ATP and virus occurrence suggest that ATP is not a proxy for virus concentrations on high touch school surfaces in locations with limited cleaning protocols. 
[image: ]

Figure 3. Adenosine triphosphate (ATP) concentrations on desks without (-virus) and with (+ virus) virus nucleic acid detection.  RLU denotes relative light units and the bar represents median ATP concentration values. The -virus desks represent matching desks randomly selected in the same classroom with +virus desks. 

Conclusion 
     We sampled school desks throughout the late winter and spring seasons in Colorado primary schools. The results presented here suggest the common occurrence of respiratory viruses on desks and indicate the presence of infected students that shed virus into the environment. With the exception of influenza A, all viruses considered in PCR-based assays yielded positive detection. The probability of encountering a virus positive desk was ~20% increasing to over 60% if multiple desks are utilized per day. These results  reinforce the notions that some high-touch surfaces in schools present a tactile risk for the transmission of respiratory viruses, and, and that this risk increases when hoteling desk assignment scenarios are in practice. For the viruses studies  high touch environmental surfaces can inform the design and practice of cleaning interventions to reduce exposure.  
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