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1. ABSTRACT 

SARS-CoV-2 pandemic is considered one of the most important threats to humanity in 

the last centuries. SARS-CoV-2 is the virus responsible for alteration the population’s 

normal way of life and, after a year of its emergence, the economic, social and health 

consequences were still evident. This virus is highly transmissible and is responsible for 

a huge number of deaths worldwide. The scientific community have been united all its 

efforts to pandemic ending, whereas the outbreak of new SARS-CoV-2 variants 

threatens to shatter all the progress made. The increased transmissibility and vaccine 

resistance properties of new variants are of great concern. This highlights the need for 

variants spread monitoring. Since the beginning of the pandemic, analysing 

wastewater by quantitative reverse transcription polymerase chain reaction (RT-qPCR) 

have elucidated its great potential. It is an early warning system that allowed a close 

tracking of the virus spreading, as positive and asymptomatic cases are possible to be 

detected. In this project, methodologies to detect SARS-CoV-2 B.1.1.7 and B.1.351 

variants in wastewater are presented, which allowed us to track these variants in the 

region of Valencia between 31st March to 23rd April 2021. 
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2. INTRODUCTION 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) had firstly emerged in 

December 2019 in Wuhan (China) and since then the population’s life has changed 

drastically. It is the responsible agent for the coronavirus disease 2019 (COVID-19) (1). 

On 30th January, the World Health Organization (WHO) declared the SARS-CoV-2 

outbreak as a Public Health Emergency of International Concern (PHEIC) and many 

countries developed guidelines to control the spread of the virus, such as complete 

home confinement, suspension of academic activities, restriction of travel and trade, 

closure of the catering industry, etc. SARS-CoV-2 is responsible for millions of deaths 

worldwide, as well as alteration of healthcare service attendance, mental and physical 

health problems and severe economic consequences (2). Other coronaviruses have 

posed a threat to human health before SARS-CoV-2, such as the outbreak of severe 

acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory 

syndrome coronavirus (MERS-CoV) in 2002 and 2012, respectively. However, SARS-

CoV-2 was the only one capable of triggering a pandemic due to a faster capacity of 

infection. These three coronaviruses belong to the family Coronaviridae and they are 

characterized by single-stranded positive-sense RNA genome (+ssRNA) (3).  

The +ssRNA genome of SARS-CoV-2 is composed by 5’ untranslated region (UTR), 15 

open reading frames (ORFs), structural genes, accessory genes placed between the 

structural genes, and 3’ UTR (Figure 1). The main ORF are ORF1a and ORF1b, which are 

translated into polyproteins. The structural genes encode for four proteins: spike (S), 

envelope (E), membrane (M) and nucleocapsid (N) (Table 1), which are essential for 

virus life cycle  (3). 

 

Figure  1.  Genome architecture of SARS-CoV-2 mRNA. It has a leader sequence (LS), poly-A tail at 3ʹ 

end, and 5ʹ and 3ʹ UTR. It consists of ORF1a, ORF1b, Spike (S), ORF3a, Envelope (E), Membrane (M), 

ORF6, ORF7a, ORF7b, ORF8, Nucleocapsid (N), and ORF10. Extracted and modified from Naqvi et al. 

(4).  
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Table 1. Description of four structural genes encoded in SARS-CoV-2 genome. Extracted from Al-Qaaneh et 
al. (5) and Arya et al. (6). 

Gene Base length Protein Protein function Protein structure 

S 3822 Spike  
protein 

Binding to cell receptor 
and mediate virus-cell 
fusion 

Composed by two subunits: S1, which 
acts as a surface antigen required for host 
interaction, and S2, which mediates cell-
virus membrane fusion 

E 228 Envelope 
protein 

Assembly and release of 
virions, and pathogenesis 
contribution 

Composed by two domains: hydrophobic 
transmembrane domain and charged 
cytoplasmic tail 

M 669 Membrane 
protein 

Central role in virus 
assembly and 
pathogenesis contribution 

Composed by three transmembrane 
domains 

N 1260 Nucleocapsid 
protein 

Contribution in viral 
replication, transcription, 
virion structure, and viral 
assembly 

Composed by three conserved domains 
important in protein structure and 
function 

 

SARS-CoV-2 structure is characterized by a spherical envelope with different S proteins 

located as a projections (Figure 2). S gene is the most variable sequence of 

coronaviruses, whereas E, M and N genes are highly conserved between 

coronaviruses. Concretely, the most variable region of S protein is the receptor-binding 

domain (RBD), which recognises selectively the host receptor human angiotensin-

converting enzyme 2 (ACE2) (7). This host receptor is present in many organs, such as 

lungs, arteries, kidneys, heart and intestines, indicating a multifactorial capacity of 

infection of SARS-CoV-2 (7). Furthermore, elevated levels of ACE2 were detected in 

epithelial cells of oral cavity, which indicates a high susceptibility to infection through 

the oral cavity (8) (Figure 3). 

 

Figure  2. Representation of SARS-CoV-2 structure. Extracted 

and adapted from Yao et al. (9). 
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Figure  3. SARS-CoV-2 host cell infection. S1 domain of S protein interacts with the host receptor ACE2 and S2 

domain mediates membrane fusion between host cell and the virus. The hosts factors interact with the viral 

RNA to synthesize new chains: the negative-sense RNA is synthesized and is used as a template to produce 

positive-sense RNA, which is used for new virions package and for translation to polyproteins, both using the 

host machinery. Once translated, the polyproteins are submitted to modifications post-translation to generate 

non-structural proteins (nsps) and these nsps create a replication transcription complex (RTC), which provides a 

protective microenvironment for viral RNA replication and transcription. The mRNA generated is translated into 

structural and accessory proteins. Viral RNA genome and proteins are assembled to generate virions in the 

Endoplasmic Reticulum (ER) and Golgi Apparatus (GA). Finally, the endosome containing the virion is released 

from the cell through endosome-membrane fusion (7). Extracted and modified from V’kovski et al. (10). 

SARS-CoV-2 dominant route of transmission person-to-person is through respiratory 

droplets and aerosols (11). It was determined an incubation period of SARS-CoV-2 of 1-

14 days, being 3rd to 7th days the most contagious. Moreover, some infected people 

can be asymptomatic and, although transmission rate is lower than symptomatic 

people, they can infect other people and be an important source of virus propagation 

(12). The main clinical symptoms are similar to influenza’s symptoms, such as sore 
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throat, fever, cough, fatigue, shortness of breath and headache. In addition, 

gastrointestinal and neurological symptoms have also been identified in some patients. 

Most of the people develop mild symptoms, whereas people with co-morbidities 

(diabetes, hypertension, pulmonary disease, asthma, bronchitis, and cardiovascular 

disorders) and older age can develop worst outcomes, such as chronic syndromes 

which require mechanical ventilation aid, or even death (1). Many studies have 

reported that an excessive immune reaction is responsible for patient’s severe cases 

(Figure 4).  The affectation of COVID-19 ranges from mild fatigue to multiorgan failure 

(13). 

 
Figure  4. Spectrum of severity and stages of COVID-19. The immune system experience two stages. In the stage I, the virus 

inhibits the interferon production and its downstream signalling, which increase the production of inhibitory cytokines and 

keep the immune system suppressed. Stage II is characterized by an hyperinflammation response, which is induced by the 

innate immune system through a cytokine storm production. Neutrophils and monocytes/macrophages are recruited and 

activated in the infection site, causing collateral damage to vital organ systems. If this response is prolonged over time, stage III 

is triggered. Complement activation is thought to be also involved, being a link between the exaggerated innate response and 

the absence of an adequate immune adaptive response. All together contributes to the development of COVID-19. Extracted 

from Bordallo et al. (14). 

Since the beginning of the pandemic, political authorities applied several restrictions in 

order to limit the virus propagation. Furthermore, the urgent for control and stop the 

pandemic has led to the scientific community to bring all efforts together to provide 

information about the virus and accelerate the development of vaccines against SARS-

CoV-2. Several potential vaccines have been developed during 2020 and 2021 (Table 2) 
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and within less than a year they are being inoculated to population. However, after a 

year, the pandemic has still a major impact on global health and economy. Therefore, 

the worldwide vaccination is crucial for getting back to normal life as possible (15). 

Table 2. Vaccine development against SARS-CoV-2. Extracted from Russell, Pelka, & Mark (16). 

Type of vaccine Vaccine’s candidates 

Nonreplicating viral vectors Ad5-nCoV, ChAdOx1 nCoV-19, AD26.COV2-S, Sputnik V 

Inactivated virus vaccines PiCoVacc, BBIBP-CorV, ChiCTR2000031809 

Recombinant protein subunit vaccines NVX-CoV2373 

DNA vaccines INO-4700 

RNA vaccines mRNA-1273, BNT162b mRNA 

 

2.1. Variants of SARS-CoV-2 

Currently, another global threat is the outbreak of SARS-CoV-2 variants. As RNA viruses 

are characterized by high mutation rates (17), several variants of SARS-CoV-2 have 

already emerged in different countries. Variants with concerning epidemiological, 

immunological or pathogenic properties are considered as variants of concern (VOC). 

The WHO has declared five SARS-CoV-2 variants as VOC (18) (Table 3). 

Table 3. Nomenclature of variants of concern (VOC) classified by the World Health Organization (WHO), 

which country were first identified, and which relevant mutations are present in spike (S) gene. Last update 

was on 3rd June 2021. 

Pango lineage WHO label Country first detected Spike mutations at interest 

B.1.1.7 Alpha United Kingdom N501Y, D614G, P681H 

B.1.1.7 + E484K Alpha United Kingdom E484K, N501Y, D614G, P681H 

B.1.351 Beta South Africa K417T, E484K, N501Y, D614G, A701V 

P.1 Gamma Brazil K417T, E484K, N501Y, D614G, H655Y 

B.1.617.2 Delta India L452R, T478K, D614G, P681R 
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SARS-CoV-2 B.1.1.7 variant was first detected in South East England on 20th September 

2020. Since then, it had been spreading to over 30 countries and it became the 

predominant variant in March 2021 (Figure 5). The first cases reported in Spain were 

19-20th December 2020 (19). This variant is characterized by a high transmission rate 

(20) and it has different mutations, several of which are located in S gene. The main 

mutations are N501Y (substitution of amino acid asparagine to tyrosine at position 501 

in S gene), and 69-70del (deletion of 6 bases coding for histidine and valine at positions 

69 and 70, respectively, in S gene). It is known that these two mutations had been 

spreading separately and independently prior to the B.1.1.7 variant emergence (21). 

N501Y is one of the mutations responsible for the enhanced SARS-CoV-2 transmission 

due to an increase affinity between viral S protein and host ACE2 receptor binding. 

Furthermore, it has evolved convergently, as it is also found in B.1.351 and P.1 variants 

(22). 69-70del mutation is also involved in increased binding affinity to the host 

receptor and it spontaneously evolved in other variants. This mutation is of great 

concern as it has the potential to enhance the ability of SARS-CoV-2 to tolerate 

mutations and could result in new variants with vaccine resistance properties (23). 69-

70del and N501Y mutations, mainly, have allowed B.1.1.7 variant to increase the 

transmissibility of up to 71%. Furthermore, several cohort studies have determined an 

increase in mortality in patients infected with this variant compared to SARS-CoV-2 

(24,25). It was reported that B.1.1.7 variant do not decrease the efficacy of current 

vaccines against SARS-CoV-2 (26,27).  

 
Figure 5. Logged number of sequences of SARS-CoV-2 B.1.1.7 variant in each country. Countries with more 

sequences logged are shown in darker colours, which implies more positive cases of the variant. Extracted from 

Pango lineages (28). 
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SARS-CoV-2 B.1.351 variant was first identified on 1st September 2020 in South Africa, 

where it rapidly became dominant and spread to other countries (40 countries on 11th 

February 2021) (Figure 6) (29,30). The first case detected in Spain was 21st January 

2021 (31). Although SARS-CoV-2 B.1.351 and B.1.1.7 variants emerged independently, 

they share some mutations and an increased transmission capacity. B.1.351 variant 

present some mutations of concern in the S gene, such as K417N, E484K, and N501Y. It 

was also reported a deletion of three amino acids at residues 241-243, which is used 

for its diagnostic (32). As well as B.1.1.7 variant, N501Y allows a higher S protein 

binding affinity to ACE2 host receptor and it is responsible for a faster virus spread. 

E484K mutation is a great of concern as it interrupts interactions with most of the 

antibodies generated due to the vaccine (33), resulting in a significant vaccine efficacy 

reduction against SARS-CoV-2 (34). Furthermore, the risk of hospitalization and 

admission to intensive care is increased in B.1.351 variant, and it is remarkably higher 

in this variant as compared to B.1.1.7 and P.1 variants (35) (Table 4). 

 
Figure  6. Logged number of sequences of B.1.351 variant in each country. Countries with more sequences logged 

are shown in darker colours, which implies more positive cases of the variant. Extracted from Pango lineages (30). 

Table 4 . Risk of hospitalization and admission to intensive care in people infected with VOCs, such 

as SARS-CoV-2 B.1.1.7, B.1.351 and P.1 variants, as compared to people infected with non-VOC. 

Extracted from Funk et al. (35). 
 Risk of hospitalization Risk of intensive care admission 

B.1.1.7 variant 1.7 2.3 

B.1.351 variant 3.6 3.3 

P.1 variant 2.6 2.2 
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Most vaccines developed are designed to generate antibody responses against the S 

protein of SARS-CoV-2, whereas some mutations of the new variants are located in this 

protein. These mutations allow new variants to escape from the host immune 

responses and, as a consequence, the concern about new variants outbreak is 

extremely increased due to the vaccine’s effectiveness could be compromised. In 

addition, the risk of developing the severe disease is greatly increased in patients 

infected with VOC, as compared to non-VOC (35). Therefore, new variants emergence 

threatens to reverse the significant progress made so far in limiting SARS-CoV-2 

transmission (36). 

2.2. RT-qPCR 

The need for SARS-CoV-2 detection methods has been greatly increased and the fast 

viral propagation of the new variants required that these methods must be reliable 

and quick. There are many diagnostic assays for SARS-CoV-2, such as nucleic acid 

amplification tests (NAAT), antigen or antibody detection, and genomic sequencing. 

However, the WHO determined that, wherever possible, suspected active infections 

should be tested with NAAT targeting SARS-CoV-2 genome, such as 

quantitative reverse transcription polymerase chain reaction (RT-qPCR). According to 

the WHO, RT-qPCR is the gold standard method to detect SARS-CoV-2 (37). Although 

RT-qPCR has expensive costs (38,39), it has greatly more sensitivity than antigen or 

antibody tests to detect the virus, whose low sensitivity makes them unsuitable 

methods for diagnosis (38,39). In another hand, SARS-CoV-2 genome sequencing has 

already demonstrated its usefulness in identifying SARS-CoV-2 as the causative agent 

of COVID-19 and in investigating its global spread. It has also helped to design 

diagnostic tools, drugs and vaccines, and to identify the outbreak of SARS-CoV-2 

variants. However, its cost and work required are very high and not affordable for all 

laboratories. For all these reasons, RT-qPCR is the best diagnostic assay for SARS-CoV-2 

pandemic. 
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RT-qPCR is a molecular biology technique that amplifies and detects low 

concentrations of ribonucleic acid (RNA) within a thermocycler. Reverse transcription 

and PCR reaction can take place within the same tube, called One-step RT-qPCR. 

Firstly, the reverse transcriptase enzyme converts RNA into cDNA. Then, the three 

basic steps of a PCR take place, such as DNA denaturation, annealing and extension. 

Each step is characterized by different temperature and time to allow double-stranded 

DNA separation, primers hybridization with its complementary target and nucleotides 

addition by DNA polymerase, respectively. The current fashion is to perform annealing 

and elongation in the same step, this is possible when the primer melting temperature 

(Tm) is close to the extension temperature (40). The three steps are repeated 

consecutively many times (40-45 cycles) and the amount of DNA doubles with each 

cycle. RT-PCR allows SARS-CoV-2 detection, but as samples viral load also needs to be 

quantified, a RT-qPCR methodology is performed. The quantification can be based on 

different technologies, such as TaqMan probes (Figure 7). 

 

Figure  7. TaqMan technology. The TaqMan probe incorporates a 5’ reporter, which is 

a fluorescent dye, and a 3’ non fluorescent quencher, which absorbs the fluorescence 

emission of the reporter. During the PCR annealing/extension step, the probe 

hybridizes with the target region and the reporter’s fluorescence is suppressed by the 

quencher. When DNA polymerase elongates the primer, its 5’-3’ exonuclease activity 

cause probe degradation and the reporter is released, allowing fluorescence emission 

that will be measured by the thermocycler during the RT-qPCR assay. 
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The RT-qPCR results are provided as threshold cycle (Ct) values and amplification plots, 

which results from plotting relative fluorescence (DRn) against PCR number cycles 

(Figure 8). The thermocycler set in each reaction a threshold line where the 

fluorescence signal is maintained equally, and it is caused by the background (baseline 

fluorescence). The Ct value corresponds to the cycle number where is recorded the 

first fluorescent signal which is statistically significant and above the baseline. 

Graphically, it is the point at which the amplification plot crosses the threshold line. As 

more nucleic acid present in the sample, fewer cycles will be necessary to reach the Ct. 

Ct values are used to interpret the results as positive or negative in SARS-CoV-2 

infection (47). RT-qPCR has routinely been used to confirm positive cases of SARS-CoV-

2 infection throughout the pandemic (48).  

 
Figure  8. Amplification plot generated from plotting relative fluorescence against cycles number. 

Each curve corresponds to a different target. Relative fluorescence is calculated automatically by the 

instrument according to the following formula: DRn = Rn+ - Rn- (Rn+ = reporter emission intensity/ 

quencher emission intensity at any given time in the reaction tube. Rn- = reporter emission intensity/ 

quencher emission intensity measured prior to PCR amplification in the same reaction tube). 

Extracted from Life technologies (41). 
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2.3. RT-qPCR in wastewater samples 

Since the beginning of SARS-CoV-2 pandemic, routinary analysis of wastewater 

samples have been performed to detect the viral load in different geographical areas 

(42,43). This is possible due to SARS-CoV-2 remains in human faeces though several 

days, more than in respiratory samples. It was reported that faeces from people who 

had been infected with SARS-CoV-2 remain positive up to 33 days after a negative 

nasopharyngeal swab (44). Firstly, it was considered SARS-CoV-2 transmission through 

faecal-oral route. However, the risk of transmission via wastewater and surficial 

waters, such as rivers, was demonstrated to be insignificant due to the virus lacks its 

infection capacity (45,46). The virus loses infectivity in the human gastrointestinal tract 

due to the colonic fluid (47). Therefore, wastewater samples can be used to monitor 

the viral spreading without any health risk. Wastewater samples, collected from 

wastewater treatment plants (WWTP) or city sewers, serve as an early warning of 

infection hotspots due to it is capable to detect SARS-CoV-2 weeks before the first 

confirmed case by nasopharyngeal samples. Furthermore, patients without any clinical 

symptoms remain undiagnosed, but as viral RNA remains in their faeces, they can be 

identified by wastewater analysis. Therefore, this early detection of the virus through 

wastewater analysis could be used to limit the viral spreading and it is a successful 

strategy to monitor the infection propagation in specific population (48).  
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3. HYPOTHESIS AND OBJECTIVES 

Since the beginning of the pandemic, SARS-CoV-2 has been routinely identified 

through RT-qPCR in patients with clinical symptoms. However, a large percentage of 

asymptomatic patients remain undiagnosed. Wastewater analysis through RT-qPCR 

allows closer monitoring of infected patients due to SARS-CoV-2 remain in their faeces 

for several days. Therefore, analysis of wastewater samples collected from city sewers 

or wastewater treatment plants allows monitoring positive and asymptomatic cases of 

SARS-CoV-2, as well as its variants.  

The aim of this project is to detect SARS-CoV-2 B.1.1.7 and B.1.351 variants in 

wastewater samples through RT-qPCR methodology. For this, methods based on 

Vogels et al. (49) methodology to detect 69-70del mutation of SARS-CoV-2 B.1.1.7 

variant, and Yaniv et al. (50) methodology to detect 241-243del mutation of SARS-CoV-

2 B.1.351 variant were optimized. Standardisation of the detection methods was also 

conducted to allow quantification of the variants genomic load per litre of wastewater.  

4. METHODS 

RT-qPCR assays were performed to detect SARS-CoV-2 B.1.1.7 and B.1.351 variants in 

wastewater samples. Firstly, the samples were collected by staff members on city 

sewers and sewage treatment plants and transported to the laboratory in refrigeration 

(4°C) to avoid RNA degradation, according to ISO 5667-3:2012. Once in the laboratory, 

samples were submitted to different methodologies before RT-qPCR takes place, such 

as concentration and RNA extraction. An internal control was needed to ensure that 

the whole process is carried out correctly. This control consists of Mengovirus addition 

to samples at the beginning of the concentration process in order to know which 

percentage of Mengovirus was recovered after the whole methodology. It had been 

established to obtain a Mengovirus recovery percentage higher than 1 to guarantee a 

successful RNA extraction, following ISO 15216-1:2017(E) indications. The election of 

the virus control was also carried out also according to ISO 15216-1:2017(E). Finally, 

the extracted RNA was submitted to RT-qPCR to detect and quantify SARS-CoV-2 

variants.  
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4.1. Concentration 

Wastewater samples are composed of suspended solids and organic matter residues, 

mainly. This results in highly complex matrices and, as a consequence, a low 

concentration of SARS-CoV-2 and its variants is present. Therefore, a concentration 

process is required. This protocol was created in collaboration with the CSIC-IATA and 

based on Randazzo et al. protocol (48). 

Samples were received in the laboratory and poured into bottles of 200 mL (Figure 9). 

The process started by adding 100 µL of a Mengovirus solution (1/1000 diluted) to 200 

mL bottles. The pH was adjusted to 6 and 2 mL of 0.9 N AlCl3 solution were added to 

each sample. The pH was adjusted again to 6. Bottles were submitted to agitation at 

150 rpm for 15 minutes, followed by 2700 rpm centrifugation for 20 minutes. Then, 

the supernatant was discarded, and the pellet was resuspended in 10 mL of 3% meat 

extract. Samples passed from 200 mL bottles to 15 mL falcon tubes. Falcon tubes were 

agitated at 200 rpm for 10 minutes and centrifugated at 2900 rpm for 30 minutes. 

Finally, the supernatant was again discarded, and the pellet was resuspended in 1 mL 

of Phosphate Buffered Saline (PBS), leading to concentrated samples. The final volume 

of concentrated samples was 2 mL, approximately. 

 

Figure  9. Diagram of the wastewater samples concentration process. Created with Biorender. 
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4.2. Extraction 

The RNA extraction process (Figure 10) was performed with NucleoSpin™ RNA Virus Kit 

(Macherey-Nagel), according to the manufacturer’s protocol. The process was started 

by adding 600 µL of RAV1, 25 µL of Plant RNA Isolation Aid and 150 µL of each sample 

to Eppendorf tubes. It was important to clean the pipette between samples deposition 

to avoid cross-contamination. Then, the tubes were vortexed and centrifugated at 

10000 rpm for 5 minutes. The supernatant was deposited in a new Eppendorf tube and 

incubated at 70°C for 5 minutes. After incubation, 600 µL of ethanol were added to 

each sample. It was important to perform this step as fast as possible to stop cellular 

lysis. 700 µL of Eppendorf tubes content were deposited into an extraction column and 

centrifugated at 8000 rpm for 1 minute. The eluate was discarded and the rest of the 

tube content was deposited in the same column. It was centrifugated at 8000 rpm for 

1 minute and the eluate was discarded again. At this point, the RNA was bound to the 

column and, from here, a wash process was started. 500 µL of RAW were added to the 

column and it was centrifugated at 8000 rpm for 1 minute, followed by eluate 

discarding. This process was repeated firstly with 600 µL of RAV3 and secondly with 

200 µL of RAV3. After these wash steps, the column was deposited into an Eppendorf 

tube and 50 µL of RNase-free water pre-heated at 70°C were added to the column. 

Tubes were left at room temperature for 1 minute. Finally, Eppendorf tubes with 

respective columns were centrifugated at 11000 rpm for 1 minute. Columns were 

discarded and RNA was obtained in the eluate (50 µL). 
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Figure 10. Diagram of RNA extraction with NucleoSpin™ RNA Virus Kit (Macherey-Nagel). Created with Biorender. 

 
 

4.3. RT-qPCR 

4.3.1. SARS-CoV-2 B.1.1.7 variant 

The RT-qPCR was performed with One Step PrimeScript™ RT-PCR Kit (TaKaraBio Inc.) 

using QuantStudioTM 5 Real-Time PCR System (ThermoFisher). The master mix was 

prepared according to the manufacturer’s protocol, and primers and probes 

concentration were specified by Vogels et al. protocol (49) (multiplex reaction in Table 

5, single reaction in Table 6). According to the final required concentration of primers, 

probes and RNA, the RNase-free water volume was adapted. A positive control of 

B.1.1.7 variant and SARS-CoV-2 original was used (reference material), as well as a 

negative control (RNase-free water). Controls were added to each RT-qPCR performed. 
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Thermal cycling conditions were carried out using a transcriptase reverse step of 55°C 

for 10 min, followed by reverse transcriptase deactivation of 95°C for 1 min. Then, 45 

cycles of denaturation at 95°C for 10 sec, and annealing and extension at 60°C for 45 

sec (optimized conditions). 

Table 5. Volume of each reagent added to the RT-qPCR master mix in a final volume of 20μL. A 

multiplex reaction was performed with 69-70del and Wuhan probes. The final concentration 

of primers and probes were specified by Vogels et al. protocol (49). 

Reagent Volume (μL) Final concentration (μM) 

2X One Step RT-PCR Buffer III 10 1X 

TaKaRa Ex Taq HS 0.4  

PrimeScript RT enzyme Mix II 0.4  

ROX Reference Dye II  0.4  

RNase Free dH2O 1.88  

Forward Primer (10 μM) 0.8 0.4 

Reverse Primer (10 μM) 0.8 0.4 

69-70del Probe (25 μM) 0.16 0.2 

Wuhan Probe (25 μM) 0.16 0.2 

RNA  5  

TOTAL 20  

 
 

Table 6. Volume of each reagent added to the RT-qPCR master mix in a final volume of 20μL. A 

single reaction was performed with 69-70del probe. The final concentration of primers and 

probes were specified by Vogels et al. protocol (49). 

Reagent Volume (μL) Final concentration (μM) 

2X One Step RT-PCR Buffer III 10 1X 

TaKaRa Ex Taq HS 0.4  

PrimeScript RT enzyme Mix II 0.4  

ROX Reference Dye II  0.4  

Rnase Free dH2O 2.04  

Forward Primer (10 μM) 0.8 0.4 

Reverse Primer (10 μM) 0.8 0.4 

69-70del Probe (25 μM) 0.16 0.2 

RNA  5  

TOTAL 20  
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Primers and probe to detect B.1.1.7 variant were design to hybridize with 69-70 

deletion (69-70del), a characteristic mutation of this variant. Information about 

primers and probes is shown in Table 7 and Table 8. 

Table 7. Information about primers and probes used in the RT-qPCR assay to detect B.1.1.7 SARS-
CoV-2 variant. 

 Nt positions TM (°C) Length (nt) Sequence (5’ to 3’) 

Forward primer 21,710-21,733 59,3 24 TCAACTCAGGACTTGTTCTTACCT 

Reverse primer 21,796-21,817 57,4 22 TGGTAGGACAGGGTTATCAAAC 

Wuhan probe  21,755-21,779 61,2 25 TTCCATGCTATACATGTCTCTGGGA 

69-70del probe 21,752-21,782 65,1 25 TGGTTCCATGCTATCTCTGGGACCA 

 

Table 8. Information about probes used in RT-qPCR assay to detect B.1.1.7 SARS-CoV-2 variant. 

Probe Gene Reporter Quencher 

Wuhan S gene (wild-type) FAM BHQ2 

69-70del S gene (69-70del) HEX BHQ2 

 

PCR reagents and thermocycler used differ from Vogels et al. protocol (49). Therefore, 

PCR programme conditions according to this protocol were not specific for the own 

laboratory equipment. Different probes were taken to adequate the PCR programme 

to instrument and PCR kit used in the own laboratory. Furthermore, a calibration 

method was developed to quantify the samples content of SARS-CoV-2 and variants in 

genomic units per litre (GU/L). Once the detection method was optimized and 

standardised, real samples were analysed.  

4.3.2. SARS-CoV-2 B.1.351 variant 

RT-qPCR was performed in same conditions as SARS-CoV-2 B.1.1.7 variant, with One 

Step PrimeScript™ RT-PCR Kit (TaKaraBio Inc.) using QuantStudioTM 5 Real-Time PCR 

System (ThermoFisher). The master mix was prepared according to the manufacturer’s 

protocol, and primers and probe concentration were specified by Yaniv et al. protocol 

(Table 9) (50). According to the final required concentration of primers, probes and 

RNA, the RNase-free water volume was adapted. A positive control of B.1.351 variant 
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(reference material) and a negative control (RNase-free water) were used. Controls 

were added to each RT-qPCR performed. Thermal cycling conditions were carried out 

using a transcriptase reverse step of 50°C for 10 min, followed by reverse transcriptase 

deactivation of 95°C for 3 min. Then, 45 cycles of denaturation at 95°C for 3 sec, and 

annealing and extension at 55°C for 45 sec (optimized conditions). The primers and 

probe to detect B.1.351 variant were designed to hybridize with 241-243 deletion 

(241-243del). Information about primers and probes is shown in Tables 10 and 11. 

Table 9. Volume of each reagent added to the RT-qPCR master mix in a final volume of 20μL. 

The final concentration of primers and probe were specified by Yaniv et al. protocol (50). 

Reagent Volume (μL) Final concentration (μM) 

2X One Step RT-PCR Buffer III 10 1X 

TaKaRa Ex Taq HS 0.4  

PrimeScript RT enzyme Mix II 0.4  

ROX Reference Dye II  0.4  

RNase Free dH2O 1.4  

Forward Primer (10 μM) 1 0.5 

Reverse Primer (10 μM) 1 0.5 

241-243del Probe (25 μM) 0.4 0.2 

RNA  5  

TOTAL 20  

 
Table 10. Information about primers and probes used in RT-qPCR assay to detect B.1.351 
SARS-CoV-2 variant. 

 Sequence (5’ to 3’) 

Forward primer AGATTTGCCAATAGGTATTAACATC 

Reverse primer CTGAAGAAGAATCACCAGGAGTC 

Probe 241-243 del FAM-CTAGGTTTC/ZEN/AAACTTTACATAGAAGTT-BHQ2 

 

Table 11. Information about probe used in RT-qPCR assay to detect B.1.351 SARS-CoV-2 
variant. 

Probe Gene Reporter Quencher 

241-243del S gene (241-243del) HEX BHQ2 

In the same way as SARS-CoV-2 B.1.1.7 variant, optimization of the RT-qPCR to detect 

SARS-CoV-2 B.1.351 variant was performed due to reagents and instrument differ from 

Yaniv et al. protocol (2).   
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5. RESULTS 

5.1. Optimization of the methods 

The methods to detect SARS-CoV-2 variants, such as B.1.1.7 and B.1.351 lineages, 

required a prior optimization due to results with conditions stablished by the 

respective authors (49,50) reveals a lack of specificity in the RT-qPCR reaction. For this 

reason, different tests were performed to improve the reactions specificity. The results 

obtained in the respective RT-qPCR were analysed with the Design and Analysis 

Software provided by the thermocycler manufacturer (ThermoFisher). This software 

allows modification of RT-qPCR conditions prior to its performance and provides Ct 

value and amplification plot for each sample. 

 
5.1.1. SARS-CoV-2 B.1.1.7 variant 

The optimization of SARS-CoV-2 B.1.1.7 variant detection method started with RT-

qPCR conditions specified by Vogels et al. protocol (49) (Table 12). The 69-70del probe 

was expected to detect B.1.1.7 variant as it was designed to hybridize with 69-70del 

mutation present in S gene. In another hand, the Wuhan probe was expected to detect 

original SARS-CoV-2, as it was designed to hybridize with the wild-type sequence. In 

each tests, control for B.1.1.7 variant and original SARS-CoV-2 (Wuhan) were used. 

Table 12. RT-qPCR conditions, such as repetitions, temperature, and time specified by Vogels et 

al. protocol (49) in each RT-qPCR step to detect B.1.1.7 variant of SARS-CoV-2.  

  Cycles Temperature Time  

Reverse transcription 1 55°C 10 min 

 Reverse transcriptase inactivation 1 95°C 1 min 

PCR  

(denaturation, annealing-extension) 
45 

95°C 10 s 

55°C 30 s 
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After performing RT-qPCR with conditions present in Table 12, the results showed an 

unspecific amplification and evidenced poor sensitivity (Figures 11 and 12). These 

figures showed non-specific curves corresponding to the positive control that was not 

being amplified. Different tests were performed to improve the reaction sensitivity and 

obtain amplification plots with only the corresponding curve. 

 
Figure  11. Amplification plot of positive SARS-CoV-2 B.1.1.7 variant control 

(blue curve). It is possible to visualize an unspecific curve corresponding to 

original SARS-CoV-2 (green curve). RT-qPCR performed with initial conditions. 

 

Figure  12. Amplification plot of positive original SARS-CoV-2 control (green 

curve). It is possible to visualize a curve corresponding to SARS-CoV-2 B.1.1.7 

variant (blue curve). RT-qPCR performed with initial conditions. 

Firstly, the time of reverse transcription step was changed from 10 to 20 minutes. 

Results evidenced that unspecificity remains (results not shown), indicating that the 

reverse transcription step was not a critical point, and the time of these step was 

maintained at 20 min. To achieve better results, annealing step conditions are usually 

modified. As annealing and extension were designed to be in the same step, the 
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temperature of this step was increased from 55°C to 60°C. The RT-qPCR reaction 

specificity was improved, as better results were obtained with 60°C than 55°C (Figures  

13 and 14). However, further optimizations were still required to achieve amplification 

curves more defined. 

As further improvements were required, the annealing and extension temperature 

was again modified to 57°C and 63°C. It was observed that Wuhan control curve was 

not appropriate, and it did not appear signal in most of the tests carried out. For this 

reason, the two probes (69-70del and Wuhan) were placed separately and together to 

test if there was any inhibition in the multiplex reaction. No significant differences 

were achieved when temperature was changed to 57°C and 63°C, and better results 

were obtained with multiplex reaction (amplification plots not shown). 

Other RT-qPCR conditions were modified, such as denaturalization time from 1 to 2 

minutes, and annealing and extension time from 30 to 45 seconds. Better amplification 

curves were obtained with annealing and extension time increase (Figures 15 and 16). 

Then, annealing and extension time was tested with 1 minute, but no significantly 

different results were obtained in comparison to results with 45 seconds. Therefore, 

this step time was maintained at 1 minute. 

 
Figure  13. Amplification plot of positive SARS-CoV-2 B.1.1.7 

variant control. RT-qPCR performed with increased hybridization 

and elongation temperature from 55 to 60°C. 

 
Figure  14. Amplification plot of positive Wuhan control. RT-qPCR 

performed with increased hybridization and elongation 

temperature from 55 to 60°C. 
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Figure  15. Amplification plot of positive SARS-CoV-2 B.1.1.7 

variant control. RT-qPCR performed with increased annealing 

and extension time from 30 to 45s. 

 
Figure  16. Amplification plot of positive Wuhan control. RT-

qPCR performed with increased annealing and extension time 

from 30 to 45s. 

After all RT-qPCR conditions were modified, amplification plots still required further 

improvement. It was decided to modify conditions of RT-qPCR master mix reagents. 

The unique reagent with possibility to be modified was ROX. ROX standardises the 

fluorescent reporter signal and it was used diluted 1/100. Firstly, it was tested with 

dilutions 1/50 and 1/10. After no improvement obtained, ROX was tested diluted 1/5, 

1/2 and undiluted, showing better results when ROX was used without any dilution 

(Figures 17 and 18). 

 
Figure  17. Amplification plot of positive SARS-CoV-2 B.1.1.7 

variant control. RT-qPCR performed with ROX undiluted. 

 
Figure  18. Amplification plot of positive Wuhan control. RT-qPCR 

performed with ROX undiluted. 

After all the tests performed, programme conditions of RT-qPCR were established as 

shown in Figure 19. Changes maintained were temperature and time increase in the 

annealing and extension step from 55°C to 60°C and 30s to 45s, respectively, and ROX 

was used without dilution, instead of ten-fold diluted.  
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Figure  19. Schema of repeats, temperature and time conditions for each step of the RT-qPCR reaction. It is also 

illustrated when the instrument collects fluorescence information (final step). 

 

5.1.2. SARS-CoV-2 B.1.351 variant 

The first RT-qPCR assay for SARS-CoV-2 B.1.351 variant detection was performed with 

conditions specified by Yaniv et al. (50) protocol (Table 13) with positive control of 

SARS-CoV-2 B.1.351 variant (reference material) directly and ten-fold diluted, and a 

negative control (RNase-free water). As master mix used was the same as in B.1.1.7 

variant assay, ROX was tested directly undiluted (it allowed significant improvements 

in SARS-CoV-2 B.1.1.7 variant method optimization).  

Table 13. RT-qPCR conditions, such as repetitions, temperature, and time specified by Yaniv et 

al. protocol (50) in each RT-qPCR step.  

  Cycles Temperature Time  

Reverse transcription 1 50°C 10 min 

 Reverse transcriptase inactivation 1 95°C 3 min 

PCR  

(denaturation, annealing-extension) 
45 

95°C 3 s 

55°C 30 s 
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The first results obtained (Figure 20) were better than first results of B.1.1.7 variant. 

The Ct values were 18,3 and 18,29 for direct replicates, and 20,54 and 26,38 for ten-

fold diluted replicates. Although these values were adequate (as the reference 

material concentration was 1,000,000 GU/µL), the amplification curves required some 

specificity improvements. It was evidenced some shaky appearance in the plateau 

phase of the curves. 

 
Figure  20. Amplification plot of positive SARS-CoV-2 B.1.351 variant control. 

Each curve represents one replicate. RT-qPCR reaction was performed with 

initial conditions.  

To check if any reaction improvement was achieved, annealing and extension time was 

increased from 30 to 45 seconds. Results did not evidence shakiness (Figure 21) and Ct 

values were also adequate (18,65 and 19,05 for direct replicates, and 22,39 and 22,33 

for ten-folded replicates). Therefore, it was decided to maintain these conditions for 

the detection of SARS-CoV-2 B.1.351 variant (Figure 22).  

 
Figure  21. Amplification plot of positive SARS-CoV-2 B.1.351 variant control. 

RT-qPCR performed with increased annealing and extension time from 30 to 45 

seconds. Two replicates of positive control direct and ten-fold diluted were 

tested.  
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Figure  22. Schema of repeats, temperature and time conditions for each step of the RT-qPCR reaction for SARS-

CoV-2 B.1.351 variant detection. It is also illustrated when the instrument collects fluorescence information (final 

step). 

5.2. Calibration of the methods 

The RT-qPCR provides an amplification plot and Ct value for each sample. These data 

are useful to detect SARS-CoV-2 presence in samples. However, if absolute 

quantification of each sample is wanted, a calibration method needs to be performed. 

The calibration allows standardisation of samples and reference to the standard curve 

enables quantification of the RNA in virus genome copies per litre of wastewater 

sample. Therefore, the viral load of each sample will be known and not only detected. 

Standardisation was performed with a reference material of SARS-CoV-2 B.1.1.7 and 

B.1.351 variants (the same as tests performed for methods optimization), being RNA 

plasmids of known concentration. Different dilution series of these plasmids were 

conducted, chosen in a concentration range within the detection limit of the 

instrument and taking into account the approximate viral concentration of samples 

that will be analysed. The concentrations were as follows: 250000, 25000, 2500, 250, 

100, 50, 25 in genome units (GU) per µL. Five replicates of each concentration were 

measured by RT-qPCR with the optimized conditions described above. Ct values and 
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amplification plots were obtained for SARS-CoV-2 B.1.1.7 variant (Figures 23 and 24) 

and for SARS-CoV-2 B.1.351 variant (Figures 25 and 26). 

 
Figure  23. Calibration method of SARS-CoV-2 B.1.1.7 variant through RT-qPCR. Screenshot of 

instrument Design and Analysis Software where is possible to visualize replicates of each concentration 

with the respective Ct value. Each well corresponds to a replica of each concentration. Samples were 

loaded in the following order: 250000 GU/µL, 25000 GU/µL, 2500 GU/µL, 250 GU/µL, 100 GU/µL, 50 

GU/µL, 25 GU/µL, and negative control (C-).   

*Concentrations of 100 GU/µL and 50 GU/µL were analysed just in case 25 GU/µL could not been 

detected by the instrument for being almost in the instrument limit detection. However, as it was 

detected, these concentrations (100/µL and 50/µL) were not used to generate the calibration straight-

line.  

 
Figure  24. Amplification plot of dilution series of SARS-CoV-2 B.1.1.7 variant reference material used for 

calibration of SARS-CoV-2 B.1.1.7 variant method detection. The red value corresponds to the threshold 

value obtained in this reaction. Each curve corresponds to a replica of each concentration, in the following 

order 250000, 25000, 2500, 250 and 25 GU/µL from left to right, respectively. 
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Figure  25. Calibration method of SARS-CoV-2 B.1351 variant through RT-qPCR. Screenshot of instrument 

Design and Analysis Software where is possible to visualize replicates of each control concentration with 

the respective Ct value. Each well corresponds to a replica of each concentration. Samples were loaded in 

the following order: 250000 GU/µL, 25000 GU/µL, 2500 GU/µL, 250 GU/µL, 25 GU/µL, and negative 

control (C-).   

 
Figure  26. Amplification plot of dilution series of SARS-CoV-2 B.1.351 variant reference material used for 

calibration of SARS-CoV-2 B.1.351 variant method detection. The red value corresponds to the threshold 

value obtained in this reaction. Each curve corresponds to a replica of each concentration, in the following 

order 250000, 25000, 2500, 250 and 25 GU/µL from left to right, respectively. 

Furthermore, as different employees will perform the RT-qPCR methodology to 

analyse wastewater samples content of SARS-CoV-2 variants, different calibrations 

were conducted (four in total), so that differences in work between individuals do not 
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affect quantification (in the previous figures only one result of four measures are 

shown). Four calibration measures were performed for each SARS-CoV-2 variant, and 

twenty replicates of each concentration were measured in total (5 replicates per trial). 

Average of Ct values obtained in each trial were calculated and also the standard 

deviation. Then, the Ct value average for each concentration were plotted against log10 

of the target concentrations, and a calibration straight-line was generated with a 

negative slope for each SARS-CoV-2 variant (Figures 27 and 28), following the ISO 

15216-1:2017(E) indications. Person’s correlation coefficient (r2), slope and intercept 

parameters were calculated. The slope and intercept parameters allow quantification 

of viral genome units per litre of wastewater sample, and it was used to quantify SARS-

CoV-2 B.1.1.7 and B.1.351 variants load in each sample. 

 
Figure  27. Calibration straight-line and slope, intercept and r2 value obtained in the method 

standardisation of SARS-CoV-2 B.1.1.7 variant. 

 
Figure  28. Calibration straight-line and slope, intercept and r2 value obtained in the method 

standardisation of SARS-CoV-2 B.1.351 variant. 
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5.3. Results interpretation 

Samples results have to be interpreted as positive, negative or inconclusive according 

to the Ct value and amplification plot provided by the thermocycler software. Firstly, 

the Ct values were analysed according to Table 14. 

Table 14. Interpretations of results according to the Ct value obtained in the RT-

qPCR, following the instrument manufacturer’s manual. 

Ct value Result interpretation 

Ct < 38 Positive 

38 ≤ Ct < 40 Inconclusive 

Ct = undetermined Negative 

Secondly, the amplification graph was analysed to corroborate the results 

interpretation, where an exponential curve with a plateau phase should be observed. 

If the outcome was unclear, the amplification curve was analysed in comparison with 

the positive control curve of each SARS-CoV-2 variant. If sample and control curves 

were similar, the result was interpreted as positive (Figures 29, 30 and 31 show 

positive result for B.1.1.7 variant, original SARS-CoV-2 and both, respectively), whereas 

if non-similarities were observed, the result was interpreted as negative (an example is 

shown in Figure 32). Checking amplification plots is important to detect false-positives 

results, identified with very low Ct values (for example 10) or amplification curves with 

no exponential phase. Examples of false-positive results are shown in Figures 33.1, 

33.2 and 34.  

     
Figure  29. Example of SARS-CoV-2 B.1.1.7 variant (69-70del mutation) positive result interpretation. Ct 

values of 69-70del and Wuhan probes are 30.9 and 30.09, respectively. Amplification plot curves 

correspond to 69-70del mutation (pink) and Wuhan sequence (green). Sample was collected and analysed 

on 8th of April 2021 and its identification was 100919308. 
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Figure  30. Example of original SARS-CoV-2 (Wuhan sequence) positive result interpretation. Ct values of 

69-70del and Wuhan probes are 41.6 and 33.5, respectively. Amplification plot with curves correspond to 

69-70del mutation (pink) and Wuhan sequence (green). Sample was collected and analysed on 8th of April 

2021 and its identification was 100919355. 

  
Figure  31. Example of both 69-70del mutation and Wuhan positive result interpretation. Ct values of 69-

70del and Wuhan probes are 32.45 and 34.13, respectively. Amplification plot with curves correspond to 

69-70del mutation (pink) and Wuhan sequence (green). Sample was collected and analysed on 8th of April 

2021 and its identification was 100950384. 

  
Figure  32. Example of negative result interpretation for of SARS-CoV-2 B.1.1.7 variant. Ct values of 69-

70del and Wuhan probes were both undetermined. Amplification plot shows no curves. Sample was 

collected and analysed on 8th of April 2021 and its identification was 100925096 -1 (10-1 diluted). 
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Figure  33.1. Example of false positive result interpretation for original SARS-CoV-2 (Wuhan sequence). Ct 

values of 69-70del and Wuhan probes are 32.94 and 9.53, respectively. Amplification plot curves 

correspond to 69-70del mutation (pink) and Wuhan sequence (green). Sample was collected and analysed 

on 8th of April 2021 and its identification was 100919364 -1 (10-1 diluted). 

 
Figure 33.2. Comparison of 100919364 -1 sample curve with original SARS-CoV-2 (Wuhan sequence) 

positive control, as an example of false-positive result. 

 
Figure  34. Example of false positive result interpretation for original SARS-CoV-2 (Wuhan sequence). Ct 

values of 69-70del and Wuhan probes are 39.04 and undetermined, respectively. Amplification plot curves 

correspond to 69-70del (pink) and Wuhan (green). Sample was collected and analysed on 8th of April 2021 

and sample identification is 100925096. 

 

® Wuhan positive control 

® Sample 100919364 -1 
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5.4. Monitoring of SARS-CoV-2 variants in wastewater samples 

After RT-qPCR conditions for SARS-CoV-2 variants detection optimization and methods 

calibration were established, real wastewater samples could be analysed to determine 

the viral concentration of each SARS-CoV-2 variant in every sample. Each wastewater 

sample was analysed directly and ten-fold diluted to avoid possible PCR inhibitors. The 

threshold was automatically set by the instrument software in each RT-qPCR reaction. 

Results were analysed in the thermocycler software and Figure 35 show how they 

were provided. The Ct values obtained for each sample were compared to the Ct 

obtained in the SARS-CoV-2 assays performed routinely in the enterprise laboratory, 

where they analyse targets E, N1 and N2 of SARS-CoV-2). The Ct values were similar in 

both assays. 

 
Figure  35. Amplification plot of wastewater samples collected on 8th April 2021 

(complete image is shown in Annex 1). Pink curves correspond to samples with 69-70del 

mutation and green curves corresponds to samples with wild-type sequence. Curves 

below 1000 DRn, approximately, correspond to fluorescence background. 

The wastewater samples analysed in this project were collected in the region of 

Valencia between 31st March to 23rd April. Results of SARS-CoV-2 B.1.1.7 variant 

quantification are evidenced in Annex 2 and a summary of the results is presented in 

Table 15. Results of SARS-CoV-2 B.1.351 variant are not presented due to this variant 

was not detected in the region of Valencia in the period of time analysed.  
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Table 15. Summary of results of SARS-CoV-2 B.1.1.7 variant detection obtained between 31st March 

to 23rd April (complete results are shown in Annex 2). A total of 38 geographical points located in the 

region of Valencia were analysed, where samples had been taken on different days: 2, 3 or 4. 

 2 days 3 days 4 days 

Total number of geographical points analysed 3 24 10 

Positive results all days analysed 2 12 4 

Negative results all days analysed 0 0 0 

One negative result in all days analysed 1 5 2 

More than one negative result in all days analysed - 7 4 

In this project a total of 117 wastewater samples were analysed by RT-qPCR. The 

samples were always collected in the same geographical location by enterprise staff 

members on two to four different days. Thus allowed a SARS-CoV-2 B.1.1.7 variant 

tracking in different geographical points and evidence the dominant presence of this 

variant in the region of Valencia in the time period under study. Most of the 

geographical points analysed were positive all days tested and only a few were 

negative on the last day analysed. Surprisingly, in some cases in almost a week the viral 

concentration goes from 106 or 105 to 0 GU/L, whereas in other cases the 

concentration goes from 0 to 105 GU/L.  
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6. DISCUSSION 

The current pandemic situation caused by SARS-CoV-2 requires to have available 

methods to detect and quantify SARS-CoV-2 as well as its variants. RT-qPCR is a 

powerful tool to control the pandemic through positive and asymptomatic cases 

monitoring. The methods presented in this project to detect SARS-CoV-2 B.1.1.7 and 

B.1.351 variants in wastewater requires a prior optimization to improve the RT-qPCR 

specificity and also a standardisation. These methods allow to detect and quantify 

SARS-CoV-2 B.1.1.7 and B.1.351 variants in samples of wastewater.  

6.1. Optimization of the methods 

RT-qPCR results obtained with conditions specified by Vogels et al. (49) and Yaniv et al. 

(50) to detect SARS-CoV-2 B.1.1.7 and B.1.351 variants, respectively, evidenced a lack 

of sensitivity (Figures 11 and 12, and Figure 20, respectively). Therefore, the RT-qPCR 

reactions had to be optimized to reagents and instrument used in the own company’s 

laboratory, as they were designed to use in different laboratory conditions. Tests for 

optimization were performed based on the literature and the results obtained in each 

test itself. In these tests, time and temperature of the PCR steps, as well as some 

master mix reagents were modified.  

6.1.1. SARS-CoV-2 B.1.1.7 variant 

Firstly, for the detection of B.1.1.7 variant, the reverse transcription step was modified 

from 10 to 20 minutes to check if any problems in reverse transcriptase enzyme 

existed. It was evidenced that this step can affect the variability and lack of 

reproducibility of the RT-PCR reactions (51) and it is also known that the amount of 

RNA is determinant for an appropriate reaction, as it was reported that small amounts 

of RNA can inhibit reverse transcriptase activity (52,53). Our results did not evidence 

any issue in the RT step, as worse results were obtained in comparison to results with 

initial conditions (10 min). However, in future studies it should be considered to dilute 

the samples to test for the presence of inhibition. Although RT step seemed to be 

optimized, the results still evidenced poor sensitivity. Causes of poor sensitivity can be 
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RNA degradation, RNA ability to form complex structures, DNA contamination, etc. The 

RNA structure is responsible for its instability, causing it to be more susceptible to 

hydrolysis than DNA (54). However, its degradation can be avoided by samples storage 

at -20°C and -80°C for at least one month and by restricting freeze-thaw cycles where 

possible (55). It is known that 5 freeze-thaw cycles reduce the RNA integrity to 35% 

approximately (56). Therefore, as maintenance of RNA stability is a key factor to 

improve PCR sensibility, the samples were always stored at -80°C and its defrosting 

was limited.  

Many evidence reported that PCR reaction specificity shows better results when the 

annealing temperature is increased, as it allows a perfect match primer-target (57,58). 

It is established that annealing temperature is the main determinant of reaction 

specificity and it is also important to avoid false-positive results. If this temperature is 

too low, nonspecific amplifications will be obtained, whereas excessive high 

temperatures cause inefficient hybridization of the primers, leading to poor yields. 

Stringency improvements in the results are obtained with annealing temperature 

increase, but always considering the primers melting temperature (Tm) (59). For this 

reason, most of the tests conducted in this project to optimize the detection methods 

focused on modifying the temperature of annealing and extension step (as both take 

place in the same step). The initial temperature of this step was 55°C, as described in 

Vogels et al. protocol (49). The tests performed with 57°C, 60°C and 63°C in annealing 

and extension step evidenced significant improvements when the temperature was 

60°C. Nevertheless, amplification plots obtained after modification of annealing and 

extension temperature showed that further improvements were required, as curves 

obtained have a shaky appearance. Annealing time from 40 seconds to 1 minute has 

been established as enough to allow primer hybridization with the complementary 

target, whereas extension time depends upon the synthesis rate of DNA polymerase 

and amplicon length (41). As DNA polymerase used in our assays differed from Vogels 

et al. protocol (49), increasing time extension from 30 to 45 seconds allowed us to 

improve the efficiency of the reaction. Extension time to 1 minute was also tested but 

it did not show any improvements.  
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After completion of reverse transcription, a step prior to basic PCR is important for 

initial DNA denaturation, DNA polymerase activation, and reverse transcriptase 

inactivation (60). Specifically, deactivation of the reverse transcriptase before cDNA 

amplification is pivotal, as after reverse transcription takes place the residual reverse 

transcriptase enzyme can add nucleotides to the primers and can enhance its 

dimerization. As a consequence, primers cannot anneal with the complementary 

target and DNA amplification results inhibited (60). Therefore, if some residual reverse 

transcriptase activity is remaining, the efficiency of the amplification reaction would be 

considerably reduced. Therefore, the following optimization consisted of modifying the 

time of the step prior to general PCR from 1 to 2 minutes. No improvements were 

obtained in our results after time modification, suggesting the absence of residual 

reverse transcriptase activity. 

After steps of RT-PCR reaction were already optimized, modifications of PCR reagents 

master mix were tested to check if we were able to obtain any improvements at this 

level. The unique reagent with the possibility to be modified was 5-carboxy-X-

rhodamine (ROX). It is a passive reference dye whose fluorescence does not change 

during the RT-qPCR reaction and it normalizes the fluorescent reporter signal in RT-

qPCR. It is usually used as an internal reference, allowing to identify non-PCR related 

fluctuations in fluorescence, such as pipetting errors, well-to-well variations or 

instrument limitations, to decrease nonspecific fluorescence (background) and provide 

a stable fluorescence baseline. Furthermore, its emission spectrum differs completely 

from fluorescent dyes attached to the probes used in RT-qPCR and several protocols 

emphasise its usage (61,62). A study by Wang, Becker and Mesa (63) determined that a 

wide concentration range of ROX can be used for RT-qPCR fluorescence normalization 

and each chemistry, such as TaqMan or SYBR green, should determine the best ROX 

concentration to decrease variation in the PCR reproducibility. In our case, different 

dilutions of ROX were tested and the results indicated that ROX no diluted was the 

best condition for SARS-CoV-2 B.1.1.7 variant detection through RT-qPCR using 

TaqMan probes.  
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6.1.2. SARS-CoV-2 B.1.351 variant 

The RT-qPCR conditions tested to detect SARS-CoV-2 B.1.351 variant were similar to 

SARS-CoV-2 B.1.1.7 variant and the master mix used was the same (TaKaraBio Inc.). 

Therefore, the optimization was more specific and could be performed in less time. 

ROX was directly tested undiluted, as it showed significant improvement in B.1.1.7 

variant method optimization. The results with initial conditions (without any 

optimization) evidenced some shakiness in the plateau phase of the amplification 

curve. It was though that not enough time for appropriate extension was responsible 

for it, and annealing and extension time was increased. This increase significantly 

improved the amplification curves. Therefore, these conditions were considered as 

already optimized.  

6.2. Calibration of the methods 

After the RT-qPCR methodologies to detect both variants were completely optimized, 

it was necessary to calibrate them through the standard curve method to allow 

quantification of the SARS-CoV-2 B.1.1.7 and B.1.351 variants. The calibration was 

based on measuring different concentrations (ten-folded serial dilutions) of reference 

material (plasmids of known concentration) and plotted them against the Ct value 

obtained in the RT-qPCR, as explained in the results section. This enables to obtain a 

regression line between the known RNA concentrations and Ct values. The straight-line 

equation obtained can be used to extrapolate the samples concentrations according to 

its Ct value obtained in the RT-qPCR assay. It is important to consider that the reliability 

of RT-qPCR results relies upon the standardisation of measurements (64). The 

importance of the method standardisation also relies upon the measure of efficiency, 

defined as the fraction of target molecules copies in each PCR cycle. Therefore, 100% 

efficiency implies that in every cycle of PCR the whole amount of DNA become 

duplicated. It is important to consider that a perfect doubling of amplicon in each cycle 

is highly uncommon due to many reasons, such as formation of secondary structures 

by the primers, presence of inhibitors in the sample matrix, reagents characteristics, 

etc. (65). The efficiency in the standard curve method is indicated by the slope 

parameter (calculations in Annex 3) and, according to the ISO 15216-1:2017(E), it 
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should be between 90-110%, which is achieved with slope values between -3.10 and -

3.60. Moreover, r2 values of <0,980 shall not be used for calculations. In our assays, the 

slope and efficiency parameters were -3.28 and 1.02 for SARS-CoV-2 B.1.1.7 variant, 

and -3.58 and 0.90 for SARS-CoV-2 B.1.351 variant, respectively. These parameters 

indicate that both reaction efficiency was adequate, as well as r2 parameters. It was 

also reported that the use of different thermocycler has an impact on the reaction 

efficiency (65). Therefore, the RT-qPCR assays were always performed in the same 

instrument. The standard curve method is commonly accepted and is the most reliable 

method to assess the efficiency of PCR assays. Moreover, the reaction specificity and 

sensitivity are also important parameters to determine in new assays, referring to the 

percentage of negative and positive results correctly assessed, respectively. High 

percentages are desired to avoid false-negative and false-positive results (65), which 

were achieved with the method optimizations described in results section. 

 

6.3. Monitoring of SARS-CoV-2 variants in wastewater samples 

Once the detection methods were optimized and standardized to detect B.1.1.7 and 

B.1.351 variants of SARS-CoV-2, real wastewater samples were analysed. However, 

only results for SARS-CoV-2 B.1.1.7 variant are presented because there were no 

positive cases of SARS-CoV-2 B.1.351 variant during the samples collection period (31st 

March-23rd April). 

In Figure 35 it is shown the results of SARS-CoV-2 B.1.1.7 variant of all samples 

analysed on one day randomly selected (8th March 2021). It evidences false-positive 

results identified by green irregular and non-exponential curves with very low Ct 

values. These curves correspond to the Wuhan sequence amplification and were 

obtained in most of the tests performed. It was decided to not use the Wuhan probe in 

the B.1.1.7 variant detection assays and to detect only the presence of B.1.1.7 variant. 

Initially, the idea was to compare the concentration of SARS-CoV-2 original and B.1.1.7 

variant in samples analysed, and to determine the variant frequency at the target 

locus. However, as the Wuhan probe did not work properly, it was not used in the 

assays. Moreover, as other routinely assays performed in the company’s laboratory 

already analysed the presence of original SARS-CoV-2 for a set of specific genes, such 
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as N1, N2 and E, its quantification was already assessed. In another hand, it was 

decided to analyse only 69-70del mutation to detect the SARS-CoV-2 B.1.1.7 variant as 

a previous study reported its presence in 98.7% of SARS-CoV-2 sequences analysed. 

However, it is important to remark that it was also detected in 2.5% sequences of 

other variants (66). In future assays, it should be considered to detect other mutations 

that could aid to discriminate more precisely between different SARS-CoV-2 variants.  

Samples collected in the same geographical location through several days evidenced 

the dominant presence of SARS-CoV-2 B.1.1.7 variant in the region of Valencia from 

31st March to 23rd April. These data were transferred to the government authorities 

and they were of great help to decide social restrictions to be applied. The more 

important about sewage analysis is that SARS-CoV-2 RNA can be detected in human 

faeces a few days to a week before the onset of symptoms in the people who became 

infected (67). Therefore, the delay between initial infection, symptoms to be 

developed and samples to be collected is saved in wastewater RT-qPCR analysis. 

Furthermore, it allows virus detection in asymptomatic patients. This is extremely 

helpful for authorities, as it allows them to act in advance to decide restrictions to be 

applied (or relaxed) in order to limit the virus spreading. The cumulative incidence (per 

100,000 inhabitants) in the Valencian Community between 31st March to 23rd April was 

quite low (68) and the results presented in this project corroborate it. Surprisingly, in 

the Valencian Community, it was able to reduce the positive cases from 11064 on 23rd 

January (being the peak of positive cases) to 530 on 23rd February and to 141 on 23rd 

May (68) (Annex 4). Nevertheless, even though the positive cases were maintained in 

low levels, the viral load quantification revealed that levels of SARS-CoV-2 B.1.1.7 

variant were still concerning in that period of time. The authorities decided to be 

cautious and maintained strict social restrictions more time, as this variant is highly 

transmissible.  

It is remarkable that during the SARS-CoV-1 outbreak (2004), detection of SARS-CoV-1 

in wastewater samples was already performed (69) and that previously to SARS-CoV-2 

emergence, detection of pathogens in wastewater was already being performed, such 

as enterovirus, adenovirus, hepatitis virus, Norwalk virus, etc. (70). Furthermore, a 
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recent study was performed in the European Union to determine the illicit drug use by 

wastewater analysis (71). All of this highlights the important value of analysing 

wastewater. In the case of SARS-CoV-2 tracking and its variants, it was greatly reported 

the usefulness and potential predictive of its detection in wastewater in several 

countries, such as in the USA (72), Germany (73), Italy (74), Netherlands (75), Australia 

(76), etc. In addition, previous studies had demonstrated the sensitivity of RT-qPCR to 

detect SARS-CoV-2 in wastewater samples. For example, SARS-CoV-2 was consistently 

detected at beginning of the pandemic, when less than a hundred positive cases were 

identified in the whole region of Valencia (77). Furthermore, previous studies have 

revealed that the peaks in viral load present in wastewater were in line with new 

hospitalizations due to COVID-19 (78) and that analysing specific regions, such as 

nursing homes, could aid to identify isolated cases or outbreaks of SARS-CoV-2 

infection (79). In this way, keeping in surveillance the nursing homes was helpful to 

control the pandemic and avoid further deaths, as elderly people are considered a 

group at risk for the COVID-19.  

However, it is important to remark that the study of wastewater samples implies some 

challenges. The assays are required to be highly sensitive due to the viral 

concentration in wastewater samples is very diluted in comparison to clinical samples, 

and there is also a high probability that RT-qPCR inhibitors are present in wastewater 

(66). The best option to detect SARS-CoV-2 variants in wastewater samples is 

sequencing the entire genome or specific loci, as it ensures the identification of all 

mutations that characterize each variant. Nevertheless, sequencing is a time-

consuming technique that requires specific equipment and professionals to interpret 

the huge number of results obtained. It also implies high financial costs, which are not 

affordable for all laboratories. While the RT-qPCR technique is widely available due to 

its lower costs and time required, and it also allows to quantify the abundance of the 

target (66). 
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7. CONCLUSION 

Before the SARS-CoV-2 outbreak, wastewater analysis was already being performed in 

laboratories worldwide to detect pathogens presence or to study the population’s 

health. However, the COVID-19 pandemic has greatly elucidated its usefulness. 

Analysing SARS-CoV-2 and its variants in wastewater samples collected from different 

regions or specific zones, such as hospitals or nursing homes, results in an early 

warning system for COVID-19 incidence. It allows to establish SARS-CoV-2 variants 

frequencies and dynamics within a community and to act in advance to avoid further 

infections and infection outbreaks. This was of great help to the authorities in applying 

social restrictions to limit the virus spreading and, in the case of VOCs, was even more 

helpful as they are characterised by higher infectiousness. Although the analysis of 

SARS-CoV-2 and its variants in wastewater by RT-qPCR implies some limitations, this 

analysis had made it possible to track the virus spreading more accurately than clinical 

testing of patients, as wastewater analysis avoids the delay between clinical symptoms 

development of the infected patient and sample collection, and also allows the 

detection of asymptomatic cases. Specifically, methodologies presented in this project 

were very useful to track SARS-CoV-2 B.1.1.7 and B.1.351 variants in wastewater 

samples from different geographical locations. Nevertheless, for a more accurate 

variants monitoring, more than one mutation should be detected in each variant assay.  

In addition, if wastewater analysis is imposed as a routine analysis in laboratories 

worldwide, it will allow detecting possible re-emergence of SARS-CoV-2 in the future, 

as well as new variants outbreak in the near future. This is of great importance as new 

variants could compromise the vaccine’s efficacy against SARS-CoV-2, shattering all the 

effort made in the last months to control the pandemic. In addition, the emergence of 

new variants calls into question if the current vaccines will provide long-term immunity 

against infection. Furthermore, as population vaccination quickly move forward and 

VOCs continue spreading, the evolutionary pressure for viral variants to be selected 

ratchets up (80). For all these reasons, it is crucial to implement an intensive 

surveillance of viral infection, specifically of new variants, and wastewater analysis by 

RT-qPCR is a very potential candidate for it. This will be essential to achieve the 

pandemic ends. In addition, it has been proposed to keep the wastewater analysis 
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after the COVID-19 pandemic as a system to study and monitor the population’s 

health, known as wastewater-based epidemiology (WBE) (81).  
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9. ANNEX 
 

 
Annex 1. Screenshot of RT-qPCR results provided by the thermocycler software. 384 wells are shown on the right. The wells 

containing sample are indicated in different colour. It is possible to indicate which sample was deposited in each well. The 

amplification plot of all samples is shown on the left, where each curve represents one sample. Samples shown were collected 

and analysed on 8th of April 2021.  

Annex 2. Tables of results in 69-70del mutation analysed from 31st March to 23rd April. The results are presented 

according to days on which samples were taken and the locator groups samples taken in the same location but in 

different days (Tables 1-8). 

Table 1. Results of samples collected from 31st of March to 21st of April 2021.  

Locator Identification number Days analysed 69-70del results  Concentration (GU/L)  

P064 100915382 
100919191 
100920458 
100921944 

31/03/2021 
07/04/2021 
14/04/2021 
21/04/2021 

+ 
+ 
+ 
+ 

11161 
541938 
747222 

-- 

P065 100915384 
100919200 
100920495 
100921897 

31/03/2021 
07/04/2021 
14/04/2021 
21/04/2021 

- 
+ 
+ 
+ 

-- 
133076 
82557 

-- 

P021 100915386 
100919193 
100921877 

31/03/2021 
07/04/2021 
21/04/2021 

+ 
+ 
+ 

20130 
30893 

-- 

E098 100915783 
100919163 
100920615 

31/03/2021 
07/04/2021 
14/04/2021 

+ 
+ 
+ 

1982872 
86715 

12240925 

E112 100915785 
100919161 
100920601 

31/03/2021 
07/04/2021 
14/04/2021 

+ 
+ 
+ 

43197 
69754 

963801 
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E094 100915790 
100919165 
100920609 

31/03/2021 
07/04/2021 
14/04/2021 

+ 
+ 
+ 

125807 
105554 
780747 

 
Table 2. Results of samples collected from 31st of March to 23rd of April 2021.  

Locator Identification number Days analysed 69-70del results  Concentration (GU/L) 

P094 100928523 
100919478 
100920813 
100922097 

31/03/2021 
09/04/2021 
16/04/2021 
23/04/2021 

+ 
+ 
+ 
+ 

47326 
18277 

365756 
-- 

P095 100928524 
100919480 
100920807 

31/03/2021 
09/04/2021 
16/04/2021 

+ 
+ 
+ 

1723097 
59352 

304727 

P096 100928525 
100919486 
100920844 

31/03/2021 
09/04/2021 
16/04/2021 

+ 
+ 
+ 

65367 
19990 

136867 

P097 100928526 
100919468 
100920838 

31/03/2021 
09/04/2021 
16/04/2021 

+ 
+ 
+ 

795963 
211885 
498148 

P098 100928527 
100919495 
100920833 
100922112 

31/03/2021 
09/04/2021 
16/04/2021 
23/04/2021 

+ 
+ 
+ 
+ 

1620435 
214511 
614944 

-- 

 

Table 3. Results of samples collected from 1st to 16th of April 2021.  

Locator Identification number Days analysed 69-70del results  Concentration (GU/L) 

P149 100918131 
100919489 
100920748 

01/04/2021 
09/04/2021 
16/04/2021 

+ 
+ 
+ 

1010572 
23658 

199966 

P127 100918132 
100919517 
100920840 

01/04/2021 
09/04/2021 
16/04/2021 

- 
+ 
+ 

-- 
16307 

553474 

P047 100918180 
100919457 
100920805 

01/04/2021 
09/04/2021 
16/04/2021 

+ 
+ 
+ 

408521 
808642 
324604 

 

Table 4. Results of samples collected from 1st to 15th of April 2021.  

Locator Identification number Days analysed 69-70del results  Concentration (GU/L) 

P013 100918097 
100919364 
100920714 
100921989 

01/04/2021 
08/04/2021 
15/04/2021 
22/04/2021 

- 
+ 
- 
+ 

-- 
1958670 

-- 
-- 

P015 100918099 
100919359 
100920707 

01/04/2021 
08/04/2021 
15/04/2021 

+ 
+ 
+ 

133778 
300478 

-- 
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P129 100918026 
100928558 
100928587 

01/04/2021 
08/04/2021 
15/04/2021 

+ 
+ 
+ 

515038 
378824 

-- 

 

Table 5. Results of samples collected from 1st to 23rd of April 2021.  

Locator Identification number Days analysed 69-70del results  Concentration (GU/L) 

P048 100918178 
100919462 
100920812 
100922135 

01/04/2021 
09/04/2021 
16/04/2021 
23/04/2021 

- 
+ 
+ 
+ 

-- 
9975 

1215101 
-- 

P170 100918167 
100920760 
100922134 

01/04/2021 
16/04/2021 
23/04/2021 

+ 
+ 
- 

4760012 
52214 

-- 

P150 100918170 
100919481 
100920746 
100922117 

01/04/2021 
09/04/2021 
16/04/2021 
23/04/2021 

+ 
+ 
+ 
+ 

51216 
151003 
769860 

-- 

P070 100918174 
100919470 
100920820 
100922136 

01/04/2021 
09/04/2021 
16/04/2021 
23/04/2021 

- 
- 
+ 
- 

-- 
-- 

71741 
-- 

 

Table 6. Results of samples collected from 1st to 13th of April 2021.  

Locator Identification number Days analysed 69-70del results  Concentration (GU/L) 

P006 100917985 
100950364 
100919346 

01/04/2021 
06/04/2021 
08/04/2021 

+ 
- 
- 

17249 
-- 
-- 

P008 100917987 
100918517 
100919349 
100920026 

01/04/2021 
06/04/2021 
08/04/2021 
13/04/2021 

+ 
- 
+ 
- 

15201 
-- 

538146 
-- 

P013 100917998 
100950367 
100950372 

01/04/2021 
06/04/2021 
08/04/2021 

+ 
+ 
- 

4418 
30462 

-- 

P014 100951182 
100919333 
100950398 

01/04/2021 
08/04/2021 
13/04/2021 

- 
+ 
- 

-- 
373542 

-- 

P019 100918004 
100950370 
100950376 
100919948 

01/04/2021 
06/04/2021 
08/04/2021 
13/04/2021 

- 
+ 
- 
- 

-- 
49103 

-- 
-- 

P009 100918516 
100950381 
100950407 

06/04/2021 
08/04/2021 
13/04/2021 

- 
+ 
- 

-- 
131221 

-- 

P008 100918517 
100919349 
100920026 

06/04/2021 
08/04/2021 
13/04/2021 

- 
+ 
- 

-- 
538146 

-- 
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P015 100950368 
100919337 

06/04/2021 
08/04/2021 

+ 
- 

132145 
-- 

P017 100950369 
100919353 
100919950 

06/04/2021 
08/04/2021 
13/04/2021 

- 
+ 
- 

-- 
19436 

-- 

 

Table 7. Results of samples collected from 7th to 21st of April 2021.  

Locator Identification number Days analysed 69-70del results  Concentration (GU/L) 

P099 100919162 
100920503 
100921911 

07/04/2021 
14/04/2021 
21/04/2021 

+ 
+ 
+ 

722717 
320078 

-- 

P079 100919169 
100920510 

07/04/2021 
14/04/2021 

+ 
+ 

917577 
110096 

P078 100919172 
100920466 

07/04/2021 
14/04/2021 

+ 
+ 

124927 
529708 

 

Table 8. Results of samples collected from 6th to 13st of April 2021.  

Locator Identification number Days analysed 69-70del results  Concentration (GU/L) 

P011 100918513 
100919355 
100950403 

06/04/2021 
08/04/2021 
13/04/2021 

+ 
- 
- 

24332 
-- 
-- 

P016 100918676 
100950374 
100950395 

06/04/2021 
08/04/2021 
13/04/2021 

- 
- 
+ 

-- 
-- 

6450122 

P010 100950366 
100950380 
100950405 

06/04/2021 
08/04/2021 
13/04/2021 

+ 
+ 
- 

55231 
53796 

-- 

P004 100918521 
100950384 
100950404 

06/04/2021 
08/04/2021 
13/04/2021 

- 
+ 
+ 

-- 
152067 
14447 

 
 
Annex 3. Calculation of RT-qPCR efficiency. Extracted from Svec et al. (65). 

Efficiency = 10 ( -1/slope ) – 1 
 
 



53 
 

 
Annex 4. Positive cases in the Valencian Community from 9th March 2020 to 24th May 2021. Y axis represents number of positive 

cases and x axis represents each day. Positive cases of 23rd January, February and May days are highlighted. Extracted from 

Generalitat Valenciana datos coronavirus (68). 

 

 


