[bookmark: OLE_LINK502][bookmark: OLE_LINK82][bookmark: OLE_LINK104][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK26]Refining detection methods for emerging SARS-CoV-2 mutants in wastewater: a case study on the Omicron variants

Xiaoqing Xu1, Yu Deng1, Jiahui Ding1, Xianghui Shi1, Xiawan Zheng1, Dou Wang1, Yu Yang1, Lei Liu1, Chunxiao Wang1, Shuxian Li1, Haogao Gu2, Leo L.M Poon2,3, Tong Zhang1,*

Affiliations		
1 Environmental Microbiome Engineering and Biotechnology Laboratory, Center for Environmental Engineering Research, Department of Civil Engineering, The University of Hong Kong, Pokfulam Road, Hong Kong SAR, China.
[bookmark: _Hlk76477477][bookmark: OLE_LINK105][bookmark: OLE_LINK106]2 School of Public Health, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Sassoon Road, Hong Kong SAR, China.
3 HKU-Pasteur Research Pole, The University of Hong Kong, Sassoon Road, Hong Kong SAR, China.

*Corresponding author. 
E-mail: zhangt@hku.hk
Phone: +852-2857 8551; Fax: +852-2859 5337

Abstract
[bookmark: OLE_LINK395][bookmark: OLE_LINK396][bookmark: OLE_LINK162][bookmark: OLE_LINK165][bookmark: OLE_LINK413][bookmark: OLE_LINK496][bookmark: OLE_LINK497]COVID-19 is an ongoing public health threat worldwide driven by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Wastewater surveillance has emerged as a novel tool complementary to clinical surveillance to control the COVID-19 pandemic. With the emergence of new variants of SARS-CoV-2, accumulated mutations that occurred in the SARS-CoV-2 genome raise new challenges for RT-qPCR diagnosis used in wastewater surveillance. There is a pressing need to develop refined methods for modifying primer/probes to better detect these emerging variants in wastewater.

[bookmark: OLE_LINK317][bookmark: OLE_LINK318][bookmark: OLE_LINK345][bookmark: OLE_LINK346][bookmark: OLE_LINK302][bookmark: OLE_LINK498][bookmark: OLE_LINK296][bookmark: OLE_LINK297][bookmark: OLE_LINK226][bookmark: OLE_LINK227][bookmark: OLE_LINK298][bookmark: OLE_LINK299][bookmark: OLE_LINK300][bookmark: OLE_LINK301][bookmark: OLE_LINK224][bookmark: OLE_LINK225][bookmark: OLE_LINK222][bookmark: OLE_LINK223][bookmark: OLE_LINK228][bookmark: OLE_LINK347][bookmark: OLE_LINK348]Here, we exemplified this process by focusing on the Omicron variants, for which we have developed and validated a modified detection method. We first modified the primers/probe mismatches of three assays commonly used in wastewater surveillance according to in silico analysis results for the mutations of 882 sequences collected during the fifth-wave outbreak in Hong Kong, and then evaluated them alongside the seven original assays. The results showed that five of seven original assays had better sensitivity for detecting Omicron variants, with the limits of detection (LoDs) ranging from 1.53 to 2.76 copies/μL. UCDC-N1 and Charité-E sets had poor performances, having LoDs higher than 10 copies/μL and false-positive/false-negative results in wastewater testing, probably due to the mismatch and demonstrating the need for modification of primer/probe sequences. The modified assays exhibited higher sensitivity and specificity, along with better reproducibility in detecting 81 wastewater samples. In addition, the sequencing results of six wastewater samples by Illumina also validated the presence of the mismatches in the primer/probe binding sites of the three assays.

[bookmark: OLE_LINK147][bookmark: OLE_LINK148][bookmark: OLE_LINK64][bookmark: OLE_LINK81][bookmark: OLE_LINK13]This study highlights the importance of re-configuration of the primer-probe sets and refinements for the sequences to ensure the diagnostic effectiveness of RT-qPCR detection.
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1. Introduction
[bookmark: OLE_LINK179][bookmark: OLE_LINK180][bookmark: OLE_LINK409][bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK198][bookmark: OLE_LINK199][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK351][bookmark: OLE_LINK352]During the COVID-19 pandemic, wastewater-based epidemiology (WBE) has been used as a valuable supplementary tool to monitor and track the circulation of the severe acute respiratory syndrome coronavirus (SARS-CoV-2) at the community level in many counties (Peccia et al., 2020). This approach enables reliable, economic, real-time and unbiased surveillance of the viruses, providing a comprehensive snapshot of viral circulation for the entire population living in a specific sewershed. Many studies have demonstrated the effectiveness of WBE in providing early warning signals (Ahmed et al., 2020; Jahn et al., 2022; Xu et al., 2021), estimating infectious prevalence (Huisman et al., 2022; Xiao et al., 2022), monitoring community trends (Medema et al., 2020; Wu et al., 2022; Zheng et al., 2022b), uncovering undiagnosed cases (Deng et al., 2022b; Mallapaty, 2020; Medema et al., 2020), and tracking newly spreading variants (Amman and Bergthaler; Deng et al., 2022a; Smyth et al., 2022). Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) is the most applied approach to detect and quantify the SARS-CoV-2 viral RNA in wastewater. Multiple primers and probes targeting at conserved regions of the SARS-CoV-2 genome have been designed and employed. Most results of studies comparing the diagnostic effectiveness of different primer-probe sets showed that the multiple primer-probe sets had similar sensitivity to clinical tests (Jung et al., 2020; Vogels et al., 2020; Xu et al., 2022b). While due to the complex matrix effects in the wastewater, the discrepancies in the performances were observed using varying primer-probe sets in the wastewater tests. Most studies have concluded that the UCDC-N1 set exhibited superior performance (Ho et al., 2022; Xu et al., 2022b; Zhang et al., 2022), and this combination of UCDC-N1 and Charité-E primer-probe sets was developed and applied in wastewater surveillance to inform public health interventions (Deng et al., 2022b).
 
[bookmark: OLE_LINK353][bookmark: OLE_LINK354][bookmark: OLE_LINK355][bookmark: OLE_LINK349][bookmark: OLE_LINK356][bookmark: OLE_LINK357][bookmark: OLE_LINK191][bookmark: OLE_LINK192][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK193][bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK358]The SARS-CoV-2 genome has undergone continuous and rapid genetic mutations, with numerous mutations accumulating in newly emerging variants. Thus far, the World Health Organization (WHO) has defined five variants of concerns (VOCs) with increased transmissibility and risk, including Alpha (B.1.1.7), Beta (B.1.315), Gamma (P.1), Delta (B.1.617.2) and Omicron (B.1.1.529). In late November 2021, the unheralded contagious Omicron variants with a large number of mutations emerged and were identified. By mid-January 2022, the Omicron BA.2 variant, a descendant of the Omicron variant, had rapidly spread and overwhelmingly driven the fifth-wave outbreak in Hong Kong. 
 
[bookmark: OLE_LINK350][bookmark: OLE_LINK388][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK12][bookmark: OLE_LINK204][bookmark: OLE_LINK205][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK27][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK36]Given the rapid emergence of SARS-CoV-2 variants, there is growing concern that mutations may compromise the diagnostic accuracy of currently employed primer-probe sets in RT-qPCR testing, potentially leading to false negative results (Ascoli, 2021; Osório and Correia-Neves, 2021). Some clinical studies have also reported that mutations in primer/probe binding sites had adverse impacts on the detection of the SARS-CoV-2 viral RNA (Álvarez-Díaz et al., 2020; Rahman et al., 2021; Vogels et al., 2020), even causing the large shift of the Ct values (Zimmermann et al., 2022). The diagnostic sensitivity and accuracy of detection assays are of vital consideration for wastewater tests, especially using wastewater testing data to provide early warning signals and inform public health interventions. Hence, there is an urgent need to reevaluate, modify and redesign the RT-qPCR assays with the consideration of the mutations to circumvent the mismatches in the primer/probe binding sites for robust detection of new emerging SARS-CoV-2  variants in wastewater (Zhang, 2022).

[bookmark: OLE_LINK499][bookmark: OLE_LINK410][bookmark: OLE_LINK304][bookmark: OLE_LINK305][bookmark: OLE_LINK37][bookmark: OLE_LINK40][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK41][bookmark: OLE_LINK46][bookmark: OLE_LINK231][bookmark: OLE_LINK234][bookmark: OLE_LINK411][bookmark: OLE_LINK235][bookmark: OLE_LINK236][bookmark: OLE_LINK63][bookmark: OLE_LINK241][bookmark: OLE_LINK242][bookmark: OLE_LINK342][bookmark: OLE_LINK343][bookmark: OLE_LINK344]This study serves as a case study, exemplifying the development of refined methods for detecting Omicron variants. Our aims of this study are 1) to assess the test performance, referring to the specificity and sensitivity of seven RT-qPCR assays on detecting Omicron BA.2 in wastewater samples, 2) to refine the oligonucleotide sequences of assays with mutations through in silico analyses of the mutations, and 3) to evaluate the impacts caused by mismatches on RT-qPCR detection for strengthening current wastewater surveillance systems, and 4) to validate the presence of mismatches in primer/probe binding regions of viral genomes in positive wastewater samples via Illumina sequencing. The present study aims to assess and enhance the sensitivity and robustness of SARS-CoV-2 wastewater surveillance, with the goal of advancing pandemic and post-pandemic management strategies. 

2. Methods and Materials
2.1 In silico analysis
[bookmark: OLE_LINK124][bookmark: OLE_LINK125][bookmark: OLE_LINK107][bookmark: OLE_LINK182][bookmark: OLE_LINK307][bookmark: OLE_LINK312][bookmark: OLE_LINK419][bookmark: OLE_LINK417]To investigate the circulating variants and their mutations during the fifth-wave outbreak in Hong Kong, the SARS-CoV-2 sequences collected from 1 Feb 2022 to 2 May 2022 in Hong Kong from GISAID (https://www.gisaid.org) were downloaded, and a total of 926 sequences after depleting the sequences with the length of < 29,000 nt or with > 5% ambiguous bases, were retained to analyze the changes of lineages and mutations. From these sequences, 882 sequences containing Omicron BA.2 were extracted, including the sublineages of Omicron BA.2, and two Omicron BA.5 sequences respectively collected on 8 April 2022 and 23 April 2022, to scrutinize the mutation occurrences. Concretely, all sequences were aligned to the reference genome, i.e., SARS-COV-2 isolate Wuhan-Hu-1 (MN908947.3), using bowtie2, and the mutations were called using samtools mpileup. The results about the lineages and mutations were also checked using the COVID-19 CG (https://covidcg.org). The visualizations, specifically bar charts, were created using the ‘geom_bar()’ function in the ggplot2 package of R (v4.2.0).

2.2 Analytical performances using RNA standard.
2.2.1 Comparison of the Standard curves. 
[bookmark: OLE_LINK362][bookmark: OLE_LINK363][bookmark: OLE_LINK122][bookmark: OLE_LINK123]To compare the basic performances of all the assays on detecting Omicron BA.2 variants, we generated the standard curves using commercial RNA control (Twist Synthetic, control 51). Firstly, the RNA control was 1000-fold diluted and then quantified to 7,400 copies per μL using droplet digital PCR (ddPCR, Bio-Rad) as previously described (Xu et al., 2022b). And then, the standard curves were made by 10-fold serially diluting the viral RNA standard from 7.4 to 7,400 copies per μL to perform subsequent RT-qPCR reactions as templates. All points of the standard curves were tested in duplicates. The details including the carried mutations of the RNA control 51 were outlined in Table S1. The amplification efficiencies of all assays were obtained using the following formula: 


2.2.2 The evaluation for the limits of detection (LoDs).
[bookmark: OLE_LINK434][bookmark: OLE_LINK196][bookmark: OLE_LINK197][bookmark: OLE_LINK436]The LoDs for all primer-probe sets were ascertained from 10 replicates of SARS-CoV-2 Omicron BA.2 RNA control at concentrations of 10, 5, 2.5 copies per μL, with the observed LoDs determined as the lowest concentration among these that consistently achieved >95% successful positive detection (Ct < 40). The estimated 95% values of LoDs were determined by fitting a cumulative Gaussian distribution model (Ahmed et al., 2022c) using GraphPad Prism 9.0.

2.2.3 The specificity evaluation using negative wastewater RNA pools.
[bookmark: OLE_LINK373][bookmark: OLE_LINK374][bookmark: OLE_LINK405][bookmark: OLE_LINK389][bookmark: OLE_LINK319][bookmark: OLE_LINK324][bookmark: OLE_LINK189][bookmark: OLE_LINK190][bookmark: OLE_LINK450]To evaluate the specificities of all primer-probe sets on the RT-qPCR detection of Omicron variants, 20 wastewater RNA pools were tested by all sets. To obtain a wastewater RNA pool, 20 μL of each of the five RNAs extracted from epidemiologically negative wastewater samples were combined. These epidemiologically negative wastewater samples are defined as where no dischargers were present within seven days before the sampling date, and where no cases were reported within seven days after sampling (Xu et al., 2022b), collected before the fifth-wave outbreak. The epidemiological information for the epidemiologically negative wastewater samples was obtained from the Hospital Authority of Hong Kong. All RNA pools were tested in duplicates by all primer-probe sets. 

2.3 RT-qPCR detection.
2.3.1 Primer-probe sets.
[bookmark: OLE_LINK444]All the used primers and probes in this study were synthesized by BGI (Hong Kong) using PAGE and HPLC purification, respectively. And for all probe sequences, the fluorescent dye of FAM and the Black Hole Quencher (BHQ1) were respectively attached at the 5’ ends and 3’ ends of the sequences. The sequences of all primer-probe sets and their targeted locations in the viral genome are provided in Table 1. Among the seven original assays, five sets target at the N gene, one set targets at the ORF1ab gene, as well as one set targets at the E gene. Three additional modified assays were developed within this study, which consisted of two assays targeting the N gene and one assay targeting the E gene. All synthesized oligonucleotides were dissolved in DEPC-treated water prior to use. 

2.3.2 One-step RT-qPCR conditions. 
[bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK151][bookmark: OLE_LINK152][bookmark: OLE_LINK153][bookmark: OLE_LINK154]In this study, each 20 μL RT-qPCR reaction comprised 5 μL of 4 × TaqMan Fast Virus 1-step Master Mix (ThermoFisher), 4 μL of the RNA template, forward and reverse primers with concentrations of 500 nM, and probes with concentrations of 250 nM. PCR cycler conditions were reverse transcribed for 5 mins at 50°C and initial denaturation for 20 s at 95°C, followed by 45 cycles of 5 s at 95°C and 30 s at specific annealing temperature (Table 1) on the Applied Biosystems QuantiStudio 7 Real-Time PCR instrument (ThermoFisher). For every batch of RT-qPCR detection assays, a non-template control (NTC) was included. 

2.4 Collection, pre-treatment, and RNA extraction of wastewater samples.
[bookmark: OLE_LINK38][bookmark: OLE_LINK39][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK126][bookmark: OLE_LINK133][bookmark: OLE_LINK375][bookmark: OLE_LINK376]The 24 h composite samples taken by Drainage Services Department (DSD) were collected from eleven wastewater treatment plants from March 31, 2022 to May 1, 2022. All wastewater samples were stored at 4°C and preconcentrated 2-3 days after sampling. In detail, the wastewater samples were inactivated at 60 °C for 30 minutes (Zheng et al., 2022a). For sample preconcentration, a 40 mL wastewater sample was firstly centrifuged at 2000 g for 2 mins to remove large particles, and then the supernatant was concentrated by flocculation using 4 g PEG 8000 (10%, w/v) and 0.8 g NaCl (2%, w/v). And then, the mixture solution was incubated in a shaker with a speed of 180 rpm at 25 ℃ for 2 h. Thenceforth, second-centrifugation was conducted at 4750 g for 30 mins to precipitate the mixture in a small volume of 1-2 mL. Finally, the supernatant was removed by third-centrifugation at 20,000 g for 2 mins to obtain a pellet for RNA extraction by QIAamp Viral RNA Kits (Qiagen).

2.5 Library preparation for Illumina sequencing and data analysis. 
[bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK131][bookmark: OLE_LINK132]For this study, Illumina sequencing (Novogene Company) was employed for the targeted sequencing of six wastewater samples. The 400 bp of amplicons were generated as per the ARTIC v3 instructions with some refinements. In detail, for the cDNA preparation, rather than one tube of reverse transcription mixture, three tubes of the mixture were made for one sample. Besides, instead of a 2.5 μL cDNA template for one 25 μL PCR reaction, 5 μL cDNA was used as the template, and a total of 3 reactions using each primer pool for one sample were pooled together and purified. The purified PCR products were sent to Novogene Company for Illumina sequencing. The obtained raw reads were processed using fastp software (v0.23.2) to deplete the sequencing adapters first, and the clean reads were aligned with the SARS-CoV-2 reference genome, i.e., SARS-COV-2 isolate Wuhan-Hu-1 (MN908947.3) by the bwa-mem2 (v2.2.1). After the alignment, we conducted the primer trimming and consensus calling using the iVar pipeline (Grubaugh et al., 2019). The branches of the lineage for these consensus sequences were designated and the phylogenetic tree was constructed using Nextclade (https://clades.nextstrain.org/). 

2.6 Statistics analysis.
[bookmark: OLE_LINK481][bookmark: OLE_LINK167][bookmark: OLE_LINK168]We executed linear regression analysis for standard curves using the concentration of viral RNA as the independent variable and the corresponding Ct values from RT-qPCR as the dependent variable. Additionally, a two-way ANOVA was conducted to evaluate significant differences between the original and our modified assays, where the assay type served as the independent variable, and the Ct values functioned as the dependent variable. These analyses were carried out using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA). For the detection results by the specific primer-probe set, the percentage of the coefficient of variation (CV%) was obtained from the ratio of the standard deviation to the mean of the concentration quantified by that primer-probe set. 
[bookmark: OLE_LINK59][bookmark: OLE_LINK60]	
3. Results
[bookmark: OLE_LINK49][bookmark: OLE_LINK50]3.1 Mutation profiles based on in silico analysis indicate mismatches in primer-probe binding sites
[bookmark: OLE_LINK452][bookmark: OLE_LINK453][bookmark: OLE_LINK397][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK120][bookmark: OLE_LINK286][bookmark: OLE_LINK287][bookmark: OLE_LINK325][bookmark: OLE_LINK338][bookmark: OLE_LINK308][bookmark: OLE_LINK309][bookmark: OLE_LINK61][bookmark: OLE_LINK62]We analyzed SARS-CoV-2 sequences downloaded from GISAID collected from 1 Feb 2022 - 2 May 2022, during the fifth wave COVID-19 outbreak period. The analysis indicated that the majority of these sequences belonged to Omicron variants, with the sublineage BA.2 being the most prevalent, reflecting its rampant spread during this period (Figure 1a). To investigate the mutational profiles of Omicron, we retrieved 882 genome sequences of Omicron BA.2 and its sublineages, as well as two BA.5 sequences, collected during this period. Through the mutational analysis, comparing with the reference genome, i.e., SARS-COV-2 isolate Wuhan-Hu-1 (MN908947.3), we identified many mutations that occurred in the genome of Omicron, even in the conserved regions (Figure 1b). Then, the mismatches for the binding sites of seven primer-probe sets using these 882 sequences were examined. As shown in Figure 1c, we found fewer (<1%) sequences carried mutations in the primer-probe binding sites of HKU-N, HKU-ORF1b, UCDC-N3 and UCDC-N2 sets. However, mismatches with higher frequencies (100%, 882/882) were found in the genome sequences of Omicron in the probe binding sites of the UCDC-N1 set, as well as forward primer binding sites of the CCDC-N and E sets. Specifically, all sequences carried substitutions from C to T at position 3 (position 28311 in the genome) of the UCDC-N1 probe binding sites, and carried T instead of C at position 2 (position 26270 in the genome) of Charité-E forward primer binding sites. Besides, three continuous mutations, from GGG to AAC, took place at the first three positions of the 5’ end (position 28881-28883 in the genome) binding sites for the CCDC-N forward primer (Figure 1d).
 
[bookmark: OLE_LINK28][bookmark: OLE_LINK29]3.2 Analytical performances of all primer-probe sets using Omicron positive RNA controls
[bookmark: OLE_LINK269][bookmark: OLE_LINK270][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK243][bookmark: OLE_LINK268]Based on the in silico analysis results, the primer/probe sequences of UCDC-N1, CCDC-N and Charité-E were modified according to the mutations with higher frequencies (Figure 1d). In addition, considering the circulating and emerging variants with more mutations, we re-evaluated the performances of currently used primer-probe sets and modified assays on RT-qPCR detection.

[bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK79][bookmark: OLE_LINK80]Firstly, the analytical performance on standard curves was compared using Omicron RNA control, and the results showed that most primer-probe sets could amplify RNA with comparable and higher efficiency (>90%), except for Charité-E with lower efficiency (82%) due to the mismatches in the binding sites (Figure 2a). Noticeably, the modified-Charité-E set had better performance with remarkable efficiency (99%) and excellent liner regression (0.9995), which suggested that the modified assay could bind more firmly to the template compared with the original one. 

[bookmark: OLE_LINK280][bookmark: OLE_LINK281][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK274][bookmark: OLE_LINK275][bookmark: OLE_LINK276][bookmark: OLE_LINK277][bookmark: OLE_LINK278][bookmark: OLE_LINK279][bookmark: OLE_LINK282][bookmark: OLE_LINK283]Furthermore, the LoDs on the Omicron variants using ten primer-probe sets were investigated. We found that the ranges of estimated LoDs were distinct, the HKU-ORF1b outperformed others among the seven original assays, with the lowest LoDs of 1.53 copies per mL. And the other four sets, i.e., UCDC-N2, UCDC-N3, HKU-N, and CCDC-N, had similar values of the LoDs, ranging from 2.61 to 2.65 copies per mL. However, both UCDC-N1 and Charité-E sets had higher LoDs and failed to detect 10 copies per mL RNA with a 100% successful rate (Figure 2b), suggesting lower sensitivity of UCDC-N1 and Charité-E in detecting Omicron variants with lower viral loads. In contrast, the modified-UCDC-N1 and modified-Charité-E had excellent sensitivities with the estimated LoDs of 2.65 and 1.53 copies per mL, respectively (Table S2). And the modified-CCDC-N sets had little lower LoDs than CCDC-N, and both sets had a 100% successful rate at 5 copies per mL viral RNA, with the respective LoDs of 2.61 copies per mL for CCDC-N and 1.53 copies per mL for modified-CCDC-N (Figure S1 and Table S2). 

[bookmark: OLE_LINK237][bookmark: OLE_LINK240]3.3 Detection effectiveness in actual wastewater samples 
[bookmark: OLE_LINK114][bookmark: OLE_LINK115][bookmark: OLE_LINK379][bookmark: OLE_LINK380][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK484][bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK94][bookmark: OLE_LINK95][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK203][bookmark: OLE_LINK266][bookmark: OLE_LINK30][bookmark: OLE_LINK31]To evaluate the detection effectiveness, all ten primer-probe sets (seven original and three modified assays) were utilized in 35 real wastewater samples sourced from WWTPs during the fifth-wave outbreak in Hong Kong. Positive signals could be detected by using eight primer-probe sets for all these 35 samples with 100% detection rates, except for the UCDC-N1 and Charité-E sets with both detection rates of 94% (Figure 3a). In detail, as shown in Figure 3b and Table S3, 32 samples with positive results detected by all primer-probe sets, UCDC-N3 and modified-Charité-E sets had the lower Ct values for most of the samples, with average Ct values of 32.68 and 32.89, respectively. The modified-CCDC-N and modified-UCDC-N1 sets had averaged Ct values of 32.90 and 32.95, respectively. Contrastively, HKU-N and UCDC-N2 sets had higher Ct values for most of the samples, with average Ct values of 34.90 and 34.88, respectively. Noticeably, three modified sets, i.e., modified-UCDC-N1, modified-Charité-E and modified-CCDC-N, all had lower Ct values than that of the original sets, with Ct differences of 0.38, 0.71 and 0.44, respectively. The results of the two-way ANOVA analysis revealed non-significant differentiation between UCDC-N1 and modified-UCDC-N1 but did demonstrate significant differentiation between Charité-E and modified-Charité-E (p < 0.0001) and CCDC-N and modified-CCDC-N (p < 0.01) (Figure 3b).

[bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK121][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK381][bookmark: OLE_LINK382][bookmark: OLE_LINK206][bookmark: OLE_LINK110][bookmark: OLE_LINK111][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK118][bookmark: OLE_LINK119][bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: OLE_LINK200][bookmark: OLE_LINK201]Furthermore, we use 46 additional real wastewater samples to quantitively compare the detection effectiveness between original sets and modified sets, because of the poor performances of UCDC-N1 and Charité-E sets. Results showed that modified sets outcompeted original sets, particularly for Charité-E for all tested samples (Table 2). In detail, both modified-UCDC-N1 and modified-Charité-E had a 100% positive rate, while UCDC-N1 and Charité-E sets were of 96% and 88% positive rates, respectively (Figure 3c). In positive samples by both original and modified sets, there were three more samples having signals in both two reactions by modified-UCDC-N1 than by UCDC-N1, and ten more samples by modified-Charité-E than by Charité-E sets. Besides, modified-UCDC-N1 had slightly lower average Ct values than UCDC-N1 for these samples, while the average Ct value detected by Charité-E sets was almost 1 higher than that by modified-Charité-E. Additionally, modified sets had better reproducibility, indicated by the lower coefficient of variations in two reactions, i.e., 40% for UCDC-N1 versus 35% for modified-UCDC-N1, and 48% for Charité-E versus 29% for modified-Charité-E.

[bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK303][bookmark: OLE_LINK306]Moreover, specificity also was examined on all assays using epidemiologically negative samples collected during zero local case in Hong Kong. The results indicated that, apart from UCDC-N1 and Charité-E, which exhibited specificities of 80% and 95%, respectively, all other sets achieved specificities of 100% when detecting 20 negative wastewater sample pools. Each of the false positive samples detected by the UCDC-N1 and Charité-E sets exhibited only one weak signal in the two tested reactions, with Ct values ranging from 36-39 (Figure 3d).

3.4 Presence of mutations in the genome sequences validated by Illumina sequencing 
[bookmark: OLE_LINK129][bookmark: OLE_LINK130][bookmark: OLE_LINK207][bookmark: OLE_LINK127][bookmark: OLE_LINK128][bookmark: OLE_LINK137][bookmark: OLE_LINK138][bookmark: OLE_LINK267][bookmark: OLE_LINK284][bookmark: OLE_LINK172][bookmark: OLE_LINK173][bookmark: OLE_LINK217][bookmark: OLE_LINK177][bookmark: OLE_LINK178][bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK176][bookmark: OLE_LINK187][bookmark: OLE_LINK188]From 35 samples tested by all primer-probe sets, we selected six samples with significant differences between original and modified primer-probe sets to elucidate the differences in sequences of the viral genomes using Illumina sequencing. The Ct values of these six samples ranged from 29.8 to 35.3 detected by the modified-UCDC-N1 set (Figure 4a). We found that the variant types of these six samples all belong to Omicron BA.2 (Figure S2) in the consensus level, which was concordant with clinical data during that time. Among these six samples, a total of 71 substitutions were detected, including 50 non-synonymous substitutions and 21 synonymous substitutions compared with the reference genome, i.e., SARS-COV-2 isolate Wuhan-Hu-1 (MN908947.3). Besides, there was a total of 5 deletions detected in the viral genome. For these substitutions, there were 37 sites found in the ORF1ab gene, 5 sites found in the N gene, 20 sites located in the S gene, 1 site occurred in the E gene, as well as another 8 sites in other genes (Figure 4b). Regarding five deletions, two of them were in the ORF1ab gene, one was in the N gene, one was in the S gene, and one was in the 3’ UTR sequences (Figure 4c). Among these mutation sites, there were six located in the primer/probe binding sites. Specifically, as shown in Figure 4b, 1 substitution occurred in the probe binding sites of UCDC-N1, 1 substitution occurred in the forward primer binding site in Charité-E, as well as 3 consecutive mutations in the forward primer binding sites of the CCDC-N set, and no mutation was found in the other four sets. Remarkably, high consistency was observed between in silico analyses and the sequencing results, with the modified sequences matching exactly the binding sites of these six samples.

[bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK135][bookmark: OLE_LINK136][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK155][bookmark: OLE_LINK156][bookmark: OLE_LINK159][bookmark: OLE_LINK141][bookmark: OLE_LINK142][bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK166][bookmark: OLE_LINK169][bookmark: OLE_LINK458][bookmark: OLE_LINK328][bookmark: OLE_LINK329][bookmark: OLE_LINK330][bookmark: OLE_LINK333][bookmark: OLE_LINK334][bookmark: OLE_LINK331][bookmark: OLE_LINK332]In addition, differing genome coverage was shown in these six samples with different viral concentrations. The ranges of the genome coverage for the three samples with higher viral concentrations taken on 31 March 2022, were from 77% to 91%. The sequences of the other three samples with lower viral concentrations taken on 18 April 2022 had coverage ranges of 54% - 61% (Figure S3).  Amongst them, most of the mutations were undetected in some samples due to fragment missing, and some genomic fragment absence occurred at primer/probe binding sites, for example, the missing E gene in sample B0418_6 resulted in undetected mutations in Charité-E primer binding sites. Moreover, we found that there were also diverse depths in different genes (Figure S4). By comparing the depths of four genes, we found that, in these six samples, there were higher depths for the N gene with an average depth range of 106269 - 250927, and the ORF1ab gene had an average depth range of 2762 - 5978.  However, the E gene had significantly varied average depths in six samples, with an average depth range of 0 - 25066. 

4. Discussion
[bookmark: OLE_LINK213][bookmark: OLE_LINK214][bookmark: OLE_LINK313][bookmark: OLE_LINK314]In light of the rapid evolution and spread of the SARS-CoV-2 variants (Figure S5), more and more mutations occur in the viral genome, even at the primer/probe binding sites, causing off-target effects and raising new challenges in the RT-qPCR diagnosis. Moreover, many studies have developed methods for variant detection leveraging the mutation sites at the 3’ end of the primer binding sites (Graber et al., 2021; Lee et al., 2021; Xu et al., 2022a) and at the probe binding sites (Peterson et al., 2022; Yaniv et al., 2021), which also suggests the impacts of mutations on the RT-qPCR tests. Providing early warning signals and informing public health interventions are crucial for wastewater testing as complementary tools to control the COVID-19 pandemic. Off-target effects caused by the mismatches would decrease the efficacy of wastewater surveillance. Therefore, there is an urgent need to develop refined methods for dealing with the new emerging variants in wastewater.

[bookmark: OLE_LINK211][bookmark: OLE_LINK212][bookmark: OLE_LINK415][bookmark: OLE_LINK251][bookmark: OLE_LINK252][bookmark: OLE_LINK310][bookmark: OLE_LINK311][bookmark: OLE_LINK232][bookmark: OLE_LINK233][bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK246][bookmark: OLE_LINK247]In this study, we first retrieved the mutation profiles through in silico analyses of 882 sequences and observed the occurrences of many mutations in the genome of Omicron variants when compared with the ancestral SARS-CoV-2 sequence. There were mismatches found in the primer/probe binding sequences of three assays, i.e., the UCDC-N1, the Charité-E, and the CCDC-N sets. Accordingly, we found that these mutations were prevalent in most Omicron sublineages, including novel emerging sublineages of BQ.1, BF.7, XBB, etc. By re-evaluating the performances of seven common primer-probe sets on the detection of the rampant Omicron BA.2 variants causing the fifth-wave outbreak in Hong Kong in wastewater, we found that five of these seven assays had similar detection limits in detecting Omicron BA.2 virus. However, the mutations residing in the primer/probe binding sites led to the higher LoDs of the UCDC-N1 and the Charité-E sets for the detection of the Omicron BA.2 (both LoDs values of >10 copies per mL). To tackle this issue, the primer-probe sets were modified, and the modified assays outcompeted the original assays in terms of positive rate, reproducibility, and specificity. Firstly, the modified ones had better sensitivity, respectively with the LoDs of 2.56 copies per mL of modified-UCDC-N1 and 1.53 copies per mL of modified-Charité-E. The detection limits are crucial considerations when measuring the sensitivity of one assay. Moreover, when using primer-probe sets for wastewater surveillance, higher sensitivity is imperative to avoid false-negative results and ensure timely early warnings. Specifically, during the initial stages of an outbreak, the number of cases in a community is typically low, and the concentration of signals in the surveyed wastewater areas tends to be lower. Thus, a more sensitive assay can increase the probability of detecting the viruses in wastewater to provide early warning signals. In contrast, assays with higher LoDs may elevate the risk of false negatives, leading to missing pandemic warnings and misjudgment for follow-up actions. 

[bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: OLE_LINK259][bookmark: OLE_LINK260][bookmark: OLE_LINK261][bookmark: OLE_LINK315][bookmark: OLE_LINK316][bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK339][bookmark: OLE_LINK340][bookmark: OLE_LINK264][bookmark: OLE_LINK265][bookmark: OLE_LINK473][bookmark: OLE_LINK474][bookmark: OLE_LINK368][bookmark: OLE_LINK369][bookmark: OLE_LINK360][bookmark: OLE_LINK361][bookmark: OLE_LINK370][bookmark: OLE_LINK371][bookmark: OLE_LINK134][bookmark: OLE_LINK202]Second, modified assays had higher successful rates. Among 81 real wastewater samples, 3 and 10 samples were wrongly detected as negative by UCDC-N1 and the Charité-E, respectively. All these samples had lower concentrations with the Ct ranges of 33.702 – 38.984, which was in concordance with the evaluation results showing that original assays had higher detection limits. Besides, reproducibility is the essential criterion demonstrating that the assay has a stable performance in the detection, and the modified assays between two duplicate reactions from the aspects of signal detection, Ct value difference, or the coefficient of variation outperformed the original ones. Out of the 71 samples tested positive with the Charité-E set, 10 more samples showed signals in only one of the two duplicate reactions compared to the results with the modified assay (Table 2). And the coefficient of variation was as high as 48% for the Charité-E set, comparing to that of the Modified-Charité-E set with a CV of 29%. Furthermore, four samples and one sample in 20 epidemiologically negative wastewater pools had false-positive results tested by the UCDC-N1 set and Charité-E set, respectively. Specificity is a vital measurement of the testing accuracy. Therefore, based on conservative perspectives, many studies have suggested employing multiple primer-probe sets to confirm the detection results (Deng et al., 2022b; Hasan et al., 2021; Michael-Kordatou et al., 2020; Xu et al., 2022b). However, it is important to note that these negative samples used here were clinically defined as negative, based on the absence of dischargers within seven days before the sampling date, and no cases were reported within seven days after sampling. Nevertheless, this did not completely rule out the possibility of low-level viral shedding from asymptomatic individuals in these samples. Therefore, from the perspective of informing public health actions, these detected signals may initiate inaccurate guidance. As such, they were regarded as false-positive signals. In the case of the samples with false-positive results, both the UCDC-N1 set and Charité-E set only detected a weak signal in one out of two reactions, which also suggested that the reliability of the signal needed to be investigated further and confirmed. 

[bookmark: OLE_LINK403][bookmark: OLE_LINK366][bookmark: OLE_LINK367]Additionally, despite showing favorable sensitivity in terms of detection limits for both the CCDC-N and modified-CCDC-N sets, they still produced inconsistent results when used to detect actual wastewater samples. In fact, the original assays tended to obtain higher Ct values than the modified assays for most of the samples tested, resulting in a shift in Ct values ranging from -0.3 to 2.0. This emphasizes the importance of utilizing real samples with a complex matrix to evaluate the detection efficacy of the assays. Our results also suggest that the three modified assays exhibit superior performance and are more suitable for use in viral surveillance in real wastewater samples.

[bookmark: OLE_LINK383][bookmark: OLE_LINK384][bookmark: OLE_LINK404][bookmark: OLE_LINK221][bookmark: OLE_LINK248][bookmark: OLE_LINK390]In mutation detection, mutations at the probe binding site and the 3’ end of the forward primer are usually of greater concern (Stadhouders et al., 2010). Nonetheless, for both the Charité-E and CCDC-N sets, the mismatches close to the 5’ end of the forward primers hindered the diagnostic abilities of both assays. Thus, it is very important to evaluate the effects of the mismatches in the primer/probe binding sites on the detection effectiveness not only from in silico theoretical analyses but also based on the experimental validation (Ahmed et al., 2022b). Notably, considering the emergence of numerous variants and mutations, and the fact that wastewater samples often contain a mixture of different variants, incorporating degenerate bases into further modified assays may improve the recall of targets in RT-qPCR detection. This study presented a use case in refined methodology for detecting the Omicron variant of SARS-CoV-2 in wastewater samples. Importantly, the proposed pipeline for refining methods is not only applicable for addressing emerging SARS-CoV-2 variants but also for other rapidly evolving or highly infectious viruses, such as influenza viruses. Furthermore, the modified assays developed in this study are not limited to wastewater samples and can be employed for various sample types, including clinical specimens. The increased sensitivity of these modified assays also improves the detection potential in complex or low-viral-concentration samples, such as sludge and aerosol samples. This adaptability underscores the extensive applicability and value of the devised methods in surveilling and managing viral outbreaks.

[bookmark: OLE_LINK335][bookmark: OLE_LINK336][bookmark: OLE_LINK337][bookmark: OLE_LINK514][bookmark: OLE_LINK512][bookmark: OLE_LINK513][bookmark: OLE_LINK399][bookmark: OLE_LINK480][bookmark: OLE_LINK86][bookmark: OLE_LINK257][bookmark: OLE_LINK258][bookmark: OLE_LINK288][bookmark: OLE_LINK249][bookmark: OLE_LINK250][bookmark: OLE_LINK93]Currently, sequencing is a widely used approach for variant surveillance in clinic samples. However, clinical genome sequencing is often resource-intensive, time-consuming, and subject to sampling biases resulting from systemic healthcare disparities, thus often making it unsustainable for large-scale surveillance requirements (Adlhoch and de Carvalho Gomes, 2022). Alternatively, wastewater genomic sequencing can overcome sampling bias and economic constraints in the epidemiological surveillance (Larsen et al., 2021), enabling community-scale variant monitoring. Especially as the world transitions towards a post-pandemic phase, with diminishing individual testing leading to scarce clinical data, wastewater genomic surveillance stands to play a critical role in surveillance for the emergence and circulation of variants over time (Singer et al., 2023). In this study, we also performed Illumina sequencing for six wastewater samples to investigate the mutation profiles. All mutation sites in primer/probe binding sites retrieved from in silico analyses were observed in the viral genomes from wastewater samples. By sequencing, we found that samples with higher concentrations generated more complete genome sequences with a coverage of more than 77%, while the samples with lower concentrations had incomplete genome coverage of 54%-61%. However, the sequencing analysis had its own limitation. Multiple variants may be included in one wastewater sample, which enables the difficulties in PCR amplification of the sequences and may increase the risks of artifact generation (Fitzpatrick et al., 2021). Besides, because of the lower viral load and higher LoDs of the sequencing approach, some samples had missing fragments even in the conserved region, therefore, the detection of the viral genome might be hindered. For the B0418_7 sample, the genomic sequencing failed to detect the presence of the E gene, conversely, comparable Ct values with those of other fragments were obtained by RT-qPCR. Wastewater sequencing is vulnerable to the complex matrix and viral loads in wastewater, and the inconsistent genomic completeness inflected its variabilities. By contrast, from the side of informing pandemic responses, the RT-qPCR approach was more stable, sensitive, and timely (Ahmed et al., 2022a). 

[bookmark: OLE_LINK289][bookmark: OLE_LINK290][bookmark: OLE_LINK500][bookmark: OLE_LINK273][bookmark: OLE_LINK292][bookmark: OLE_LINK215][bookmark: OLE_LINK216][bookmark: OLE_LINK163][bookmark: OLE_LINK164]However, due to the resource limits, insufficient clinical sequences might cause the mutations to be overlooked, impeding the timely correction for the sequences of the assays. Wastewater sequencing can provide abundant sequence information encompassed in wastewater to make up for the issues that the assays cannot be modified in time due to under-representative genome sequences in clinics. We also observed different sequencing depths for different gene fragments in six samples. The results revealed that the N gene had significantly higher depths than E and ORF1ab genes, and the N gene also had more complete sequences with consistent mutations detected in all six samples. The potential reason for discrepancies in different genes’ depth might be that the subgenomic RNA would be synthesized during the SARS-CoV-2 replications (Alexandersen et al., 2020; Tom and Mina, 2020). The sequence depth is a critical consideration when performing RT-qPCR detection. Typically, genes with a higher sequence depth could be more desirable targets due to their abundant representation in the genome. This abundance potentially enhances the detection sensitivity of the RT-qPCR assay. Additionally, the SARS-CoV-2 whole genome is obtained based on amplification using ARTIC primers, and inconsistencies in the PCR efficiencies for amplifying different regions would also bias the sequence depth. The abundance and completeness of the target genes were key considerations for selecting primer-probe sets in RT-qPCR. Hence, it is still a useful supplement to help select appropriate targets and assays for detection.
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[bookmark: OLE_LINK400][bookmark: OLE_LINK218][bookmark: OLE_LINK219][bookmark: OLE_LINK220]In this study, we exemplified refined methods for detecting Omicron variants. We re-evaluated the performance of commonly used assays in detecting new variants, revised the sequences of three assays according to the in silico analysis, quantitively compared the differences between modified assays and original assays on RT-qPCR diagnosis, and validated the presence of mutations in the viral genomes by sequencing. Overall, our findings offer insights into the impacts of the mutations on RT-qPCR diagnosis not only for SARS-CoV-2 wastewater surveillance, but also for other emerging viruses that rely on the detection using RT-qPCR assays, like influenza viruses and other respiratory viruses, and the monkeypox virus. It is important to monitor mutations in the primer/probe binding sites, regularly refine the assays in RT-qPCR detection, and experimentally access the performances of the assays, for strengthening wastewater surveillance.
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Table 1. Information for original assays and modified sequences used in this study 
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Table 2. Comparison between original assays and modified assays in 81 wastewater samples
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[bookmark: OLE_LINK14][bookmark: OLE_LINK393][bookmark: OLE_LINK394]Figure 1. The trends of variant sequences and mutation profiles of Omicron in Hong Kong. a. The relative abundance of variant sequences during 1 Feb 2022- 2 May 2022 in Hong Kong. b. The mutation profiles in the genome of Omicron sequences (n=882). c. The mutant frequency in the primer and probe binding sites of seven primer-probe sets. d. The original sequences and modified sequences of UCDC-N1 probe, CCDC-N forward primer and Charité-E forward primer. These are the only three sequences within the seven assays where high-frequency mismatches (100%) were identified in their binding sequences in the sequence analysis.

[bookmark: OLE_LINK401][bookmark: OLE_LINK402][bookmark: OLE_LINK285][bookmark: OLE_LINK421][bookmark: OLE_LINK244][bookmark: OLE_LINK245]Figure 2. The analytical performances of the assays. a. The standard curves and parameters of ten assays using the RNA control of Omicron BA.2. Charité-E and Modified Charité-E are highlighted in red due to their notable differences. ‘RSQ’ represents the R-squared value, reflecting the goodness of fit for the standard curve. b. The LoDs for original assays and modified assays. Each point represents one of ten replicates performed at each concentration level, as well as the no-template control (NTC) during the LoD tests.

[bookmark: OLE_LINK372][bookmark: OLE_LINK377][bookmark: OLE_LINK291][bookmark: OLE_LINK295]Figure 3. The comparison for detection results of actual wastewater samples. a. The positive rate of 35 samples by ten assays. b. The Ct values of 32 positive samples as detected by ten assays. The box represents the interquartile range or the middle 50% of the data, the line within the box denotes the median, and the whiskers represent the variability outside the upper and lower quartiles. The significance test was conducted using Two-way ANOVA to compare the original and modified assays. ** indicates p < 0.01, **** indicates p < 0.0001. c. The comparison of average Ct values in two RT-qPCR reactions for 81 wastewater samples detected by original and modified assays. Each point denotes an individual sample, and the connecting lines between points serve to indicate the Ct differences for the same sample as detected by different assays. In the violin plot, the thick black line inside the violin represents the interquartile range (25-75th percentile), and the thin black line represents the median. d. The specificity in detecting 20 negative sample pools using ten assays. The histogram denotes the specificity value of each assay in detecting 20 sample pools. The numbers in the purple box represent the detected Ct values.

[bookmark: OLE_LINK391][bookmark: OLE_LINK392]Figure 4. Mutations in four genes (ORF1ab, S, E, N) by Illumina sequencing and mean Ct values by ten assays for six wastewater samples. a. The Ct values of the six wastewater samples detected by ten primer-probe sets. The modified assays were highlighted with red color. b. The substitutions in four genes of ORF1ab, S, E and N in six wastewater samples. The mutations located in the primer-probe binding sites were placed in the red box. c. The deletions detected in four genes of ORF1ab, S, E and N in six wastewater samples.
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UCDC-N3-F GGGAGCCTTGAATACACCAAAA 28,681-28,702
N 'UCDC-N3-R 55 TGTAGCACGATTGCAGCATTG 28,732-28,752
UCDC-N3-P FAM-AYCACATTGGCACCCGCAATCCTG-BHQ!I 28,704-28,727
Original . CCDC-N-F GGGGAACTTCTCCTGCTAGAAT 28,881-28,902

oy China CCDENR 55 CAGACATTTTGCTCTCAAGCTG 28,958-28,979  China CDC
CCDC-N-P FAM-TTGCTGCTGCTTGACAGATT-BHQ1 28,934-28,953
HKU-N-F TAATCAGACAAGGAACTGATTA 29,145-29,166

Hong Kong HKU-N-R 58 CGAAGGTGTGACTTCCATG 92352925 HKU
HKU-N-P FAM-GCAAATTGTGCAATTTGCGG-BHQ1 29,177-29,196
Charité-E-F ACAGGTACGTTAATAGTTAATAGCGT 26,269-26,294
E Germany Charité-E-R 58 ATATTGCAGCAGTACGCACACA 26,360-26,381  Charité.
Charité-E-P FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ1 26,332-26,357
HKU-ORF1b-F TGGGGYTTTACRGGTAACCT 18,778-18,797
ORF  HongKong  HKU-ORFIb-R 58 AACRCGCTTAACAAAGCACTC 18,889-18,909  HKU

HKU-ORF1b-P FAM-TAGTTGTGATGCWATCATGACTAG-BHQ1 18,849-18,872
Modified usAa Modified-UCDC-N1-P 55 FAM-ACTCCGCATTACGTTTGGTGGACC-BHQ1 28,309-28,332

assay N China Modified-CCDC-N-F 55 AACGAACTTCTCCTGCTAGAAT 28,881-28,902  This study
E ‘Germany ‘Modified-Charité-E-F 58 ATAGGTACGTTAATAGTTAATAGCGT 26,269-26,294
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