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A B S T R A C T   

Wastewater sequencing has become a powerful supplement to clinical testing in monitoring 
SARS-CoV-2 infections in the post-COVID-19 pandemic era. While its applications in measuring 
the viral burden and main circulating lineages in the community have proved their efficacy, the 
variations in sequencing quality and coverage across the different regions of the SARS-CoV-2 
genome are not well understood. Furthermore, it is unclear how different sample origins, viral 
extraction and concentration methods and environmental factors impact the reads sequenced 
from wastewater. Using high-coverage, amplicon-based, paired-end read sequencing of viral RNA 
extracted from wastewater collected directly from aircraft, pooled from different aircraft and 
airport buildings or from regular wastewater plants, we assessed the genome coverage across the 
sample groups with a focus on the 5′-end region covering the leader sequence and investigated 
whether it was possible to detect subgenomic RNA from viral material recovered from waste-
water. We identified distinct patterns in the persistence of the different genomic regions across 
the different types of wastewaters and the existence of chimeric reads mapping to non-amplified 
regions. Our findings suggest that preservation of the 5′-end of the genome and the ability to 
detect subgenomic RNA reads, though highly susceptible to environment and sample processing 
conditions, may be indicative of the quality and amount of the viral RNA present in wastewater.   
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1. Introduction 

As SARS-CoV-2 infections diminish worldwide, wastewater sequencing has become an important option for the continuous 
monitoring of the dissemination of COVID-19. Coronaviruses are enveloped single-stranded positive-strand RNA viruses, that may 
have a primary transmission route via aerial droplets or by transfer from a contaminated surface to the mouth, nose or eyes. Some 
coronaviruses primarily infect the intestine and may have a preferred route of transmission via the fecal-oral route. While no solid 
evidence of waterborne transmission has been presented for SARS-CoV-2 [1], fragments of coronavirus RNA have been reported in 
feces and in wastewater [2] [–] [6], possibly following excretion via infected individuals’ fecal material, or excreted from the res-
piratory tract into the water sewage systems. Wastewater from aircraft and airport buildings may constitute a relatively harsh envi-
ronment, for example with added detergents and other chemicals used in the cleaning of aircraft toilets [7], often including highly 
alkaline chemicals that together degrade viruses and bacterial pathogens. The exposure to disinfectants and cleaning agents can lyse 
the virions and disrupt the double membrane vesicles, exposing the RNA freely to the liquid environment. It has been shown that 
membrane integrity is essential for viral RNA replication in coronaviruses and that the RNA present in the vesicles would be exposed to 
nucleases in the presence of detergent [8,9]. Exposed viral RNA may suffer environment-related damage, including alkaline hydrolysis 
or nuclease processing of RNA not protected by either an intact virion envelope or the so-called double-membrane vesicles produced 
during coronavirus replication/transcription. Wastewater could be efficiently treated with a wide range of detergents and disinfectants 
such as household bleach, ethanol, chlorhexidine, or sodium dioxide to eliminate the presence of SARS-CoV-2 [10–13]. 

Furthermore, many studies [12] [–] [16] have evaluated the resistance of coronaviruses in wastewater environments. Wang et al. 
[12] showed that SARS-CoV could persist in hospital wastewater, domestic sewage, and non-chlorinated tap water for two days at 
20 ◦C and up to 14 days at 4 ◦C, illustrating that coronavirus can persist in wastewater at both room and low temperatures and that 
survival time is reduced as temperature increases. Other factors such as microorganisms, pH, and encapsulation in solid debris present 
in the water have also been suggested as factors influencing the kinetics of virus degradation in untreated water [10,14,16] [–] [21]. It 
has been described that the intact enveloped SARS-CoV-2 virus is stable at room temperature in a wide pH range (pH from 3 to 10) 
[10], and that the SARS-CoV and SARS-CoV-2 S protein receptor binding domains (RBD) are stable within pH values ranging from 7.5 
to 9 [22]. Interestingly, a study on stool samples [18] showed that SARS-CoV could survive up to 4 days in an alkaline pH of 9 while 
viruses in acidic stool samples with a pH of 6 are undetectable within 3 h. The conventional SARS-CoV-2 wastewater surveillance 
strategy relies predominantly on rapid surveys of the viral burden in the community [4,5] using a reverse transcription 
(RT)-qPCR-based approach. Wastewater sequencing [23] [–] [26] can complement this approach and allow the deciphering and 
detection of small-scale community spread. In addition, wastewater sequencing approaches allow in-depth studies of all kinds of 
genomic features of the SARS-CoV-2 RNA that persist in wastewater, e.g. UTRs, genes, subgenomic RNAs, not only mutations or 
probe-based targets. Multiple parameters are crucial to ensure the quality of the sequencing output from a wastewater sample. Sample 
handling prior to the sequencing step involves multiple steps such as sample collection, transport, viral concentration, PCR amplifi-
cation, which could individually contribute as a source of variation and affect the interpretation of the result. Seasonal effects such as 
the weather and viral circulation can impact the amount of virus that can be recovered from the wastewater, and therefore, studies 
consisting of samples collected within a large time spread should ensure that measurements are comparable. Viral particles can be 
concentrated in different ways for example by membrane filtration [27], using polyethylene glycol (PEG) [28], by centrifugation [29], 
or by using Nanotrap A microbiome particles (CeresNano) [30–32]. A number of comparative studies have been performed to compare 
concentration Nanotrap with other concentration methods [33,34], showing that all methods are applicable, and the choice of the 
method relies on many factors such as cost, resource availability and the actual set-up of the wastewater surveillance. Furthermore, 
higher amount of fecal material in a sample can make it more prone to PCR inhibition [35]. 

While wastewater monitoring serves as a powerful complement to community-based sequencing of nasopharyngeal swabs, 
showing similar trends of SARS-CoV-2 lineage circulation, there are very few applications of the methodology in the literature 
describing traces of virus active or prior replication in the wastewater environment. In a recent study [36] assessing respiratory and 
rectal shedding of SARS-CoV-2, no culturable virus or insignificant levels of subgenomic RNA reads could be found in rectal swab 
samples, suggesting that, if detectable, traces of active virus in wastewater could be challenging to find. In addition, while sequencing 
approaches have robustly proved to sufficiently capture the main circulating variants and mutations in wastewater, few compre-
hensive studies have described the degradation patterns of the different genomic features of SARS-CoV-2 in wastewater [37], available 
studies providing, for example, breadth of coverage as a metric [38]. 

Subgenomic RNA detection in SARS-CoV-2-positive samples is of particular interest as it is thought to provide an indication of 
active or previous virus replication and transcription. Presently, sequencing-based subgenomic RNA detection has been performed on 
routine naso- and oropharyngeal swabs [39] [–] [42], while no available studies have provided evidence of the presence of these in 
wastewater. Identification of subgenomic RNA using paired-end sequence reads is a challenging task as it requires both a good 
coverage of the 5′-end of the genome, which contains the leader sequence and the transcription-regulating sequence (TRS) located at 
the 3′-end of the leader, TRS-L, and a good coverage of the regions around the TRS-B in the region preceding each of the ORFs in the 3’ 
-region of the virus genome. Many approaches to detect subgenomic RNA using paired-end sequence reads rely on finding read pairs 
spanning across these two regions [9,39,41,43,44]. It is therefore essential to understand the patterns of variation and degradation of 
the RNA obtained from wastewater, in particular in the vicinity the 5′-end region of the SARS-CoV-2 genome and to understand the 
possible factors, e.g. environmental, methodological that could contribute to this variation. 

In our study, we collected (I) wastewater samples directly from six incoming aircraft, (II) wastewater pooled from samples multiple 
aircraft and airport buildings at the Copenhagen Airport, Denmark, in the period January–February 2023 and (III and |IV) wastewater 
from 29 treatment plants across Denmark [45] in June 2023 and November 2023. We mapped sequence reads obtained from the 
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samples with a focus on the SARS-CoV-2 genomic 5′-end and detection of subgenomic RNAs. Using ORF-level sequence coverage and 
mapping summary statistics, we described the patterns of variation of sequence reads recovered from viral RNA in wastewater. Our 
results showed that subgenomic RNA can persist in wastewater but are infrequently detectable. Positive detection of the genomic 
5′-end of the SARS-CoV-2 genome could be driven by multiple factors such as the viral concentration, RNA degradation in the 
wastewater environment and methodological aspects. 

2. Methods 

2.1. Sample collection and processing 

Wastewater samples from aircraft were collected either (I) directly from six incoming long-haul flights arriving at Copenhagen 
Airport during the period 2023-01-12 to 2023-02-10 [46], or (II) from 10 samples from water tanks collecting water from different 
airport sources during the period 2023-01-02 to 2023-02-01. Wastewater collected from the aircraft was collected upon arrival as a 
grab sample from a service truck after emptying the tank of the aircraft. These samples were stored at <5 ◦C and directly transported to 
Statens Serum Institut, Copenhagen, Denmark, for analysis. Two types of pooled water samples were collected: first, wastewater 
pooled from several aircraft labelled as ’Pooled A′, and pooled water from aircraft and airport buildings such as hangars and terminals, 
labelled as ’Pooled B’. Sampling for the pools was conducted as 24-h composite time-proportional sampling. Pooled A samples were 
collected downstream the triturator, and Pooled B samples consisted of waters from downstream the triturator and other different 
sources. The samples were stored at ≤5 ◦C, collected from each site and transported on ice to a commercial laboratory for analysis. In 
addition, samples from 29 wastewater treatment plants [45] across Denmark were collected in 2023-06-13 week 24 (III), and 
2023-11-23 week 47 (IV) as primarily flow proportional 24hr composites for comparison. The water was taken from 10L containers at 
the beginning of the inlet of the treatment plant and transported to Statens Serum Institut for analysis. The collection time periods were 
chosen so that wastewater collected during week 47 would have a similar viral concentration to wastewater collected in January 2023 
[47]. A summary of the different types of samples is shown in Table 1. 

’Pooled A′ and ‘Pooled B’ samples were processed by mixing the homogenized and centrifuged wastewater liquid phase with a 25 % 
polyethylene glycol (PEG) and 5.6 % saline solution (NaCl). Extraction of nucleic acids was performed using magnetic beads using the 
VIRSeek Extractor kit (Genescan Technologies) followed by lysis on a thermoshaker at 700 rpm at 50 ◦C for 10 min. The final extraction 
was performed on a PurePrep nucleic acid extraction platform (Molgen). Individual aircraft samples were centrifuged to pellet toilet 
paper and pH adjusted to 7–9 with HCl prior to processing. Aircraft samples and samples from treatments plants were concentrated 
using Nanotrap Microbiome A Particles (CeresNano). Total nucleic acid was extracted using Maxwell HT kit (Promega) on a Hamilton 
liquid handler. Information on the collection dates and extraction procedures are shown in Supplementary Table 1. In all cases, RT- 
qPCR quantification was performed using a TaqMan assay with CDC N2 primer/probes. 

2.2. Genome sequencing 

Sequencing of the nucleic acids extracted from the wastewater samples was performed using slightly modified ARTIC [48] protocol. 
Extracted RNA was reverse transcribed using random hexamers and the SuperScript IV Reverse Transcriptase kit (Invitrogen) at 42 ◦C 
for 50 min, 70 ◦C for 10 min and brought to 4 ◦C. Subsequently, SARS-CoV-2 genomes were PCR amplified using primer set v4.0 from 
the ARTIC Network for multiplexed PCR for samples (I), (II) and (III) and v.5.3.2 for samples (IV), which was set up in two separate 
pools. Each PCR reaction contained 5 μL of 10X Q5 Reaction Buffer, 0.5 μL of 10 mM dNTPs, 3.6 μL of each primer pool, 0.25 μL of Q5 
High-Fidelity DNA Polymerase (NEB), 13.15 μl of nuclease-free water, and 2.5 μL of the cDNA. Samples were amplified with the 
following conditions, initial activation at 98 ◦C for 30 s, followed by 30 cycles of denaturation at 98 ◦C for 15 s, annealing at 65 ◦C for 5 
min, and a final extension at 65 ◦C for 5 min. For library preparation using the Nextera XT DNA Library Prep Kit (Illumina), amplicons 
were first tagmented at 55 ◦C for 10 min, followed by a 15-cycle PCR with the following conditions, 72 ◦C for 3 min, 95 ◦C for 30 s and 
15 cycles of 95 ◦C for 10 s, 50 ◦C for 30 s and 72 ◦C for 60 s before a single step at 72 ◦C for 5 min. Library size distribution and quality 
were verified on a 4200 Tapestation (Agilent), and concentration was quantified using the Qubit dsDNA HS Assay Kit (Invitrogen). 
Libraries were sequenced on a MiSeq Illumina platform with a paired-end read length of 150 nucleotides for samples (I), (II) and (III) 

Table 1 
Type of samples collected for the study.  

Sample type Number of 
samples 

Collection time window Description Collection method 

Aircraft 6 Week 3–5 (2023-01-16 to 
2023-02-10) 

Wastewater collected directly from the aircraft toilets 
upon arrival at Copenhagen airport 

Grab sample 

Pooled A 4 Week 1–5 (2023-01-04 to 
2023-02-01) 

Wastewater collected at Copenhagen airport, pooled 
from multiple aircraft 

24-h composite time- 
proportional sampling 

Pooled B 6 Week 1–5 (2023-01-02 to 
2023-02-01) 

Wastewater collected at Copenhagen airport, pooled 
from multiple aircraft, hangars and terminals 

24-h composite time- 
proportional sampling 

WWTP_wk24 
and 
WWTP_wk47 

58 Week 24 (2023-06-13) and 
week 47 (2023-11-23) 

Wastewater collected at the inlet of 29 wastewater 
plants across Denmark 

Flow proportional 24-h 
composite  

M.-H.E. Tang et al.                                                                                                                                                                                                    



Heliyon 10 (2024) e29703

4

(caption on next page) 

M.-H.E. Tang et al.                                                                                                                                                                                                    



Heliyon 10 (2024) e29703

5

and using a paired-end read length of 74 nucleotides for samples (IV). 
Raw reads from different extractions of the same wastewater sample were pooled together into a merged FASTQ file and then 

processed as follows: Quality trimming was performed using trim_galore (v. 0.6.7) using a stringency setting of 1. Trimmed reads were 
paired using the reformat.sh accessory script from BBMap (v. 39.01). Human reads were removed by aligning trimmed reads to the 
human genome (build version GRCh38) using BWA-MEM (v. 0.7.17-r1188) [49] with default settings; unmapped reads from the 
resulting SAM file were extracted using samtools [50] (v. 1.15). The trimmed and host-removed reads were subsequently aligned with 
the Wuhan-Hu-1 reference SARS-CoV-2 genome (GenBank Accession: NC_045512.2). Primers were trimmed using iVar [51] (v. 1.3.1) 
with appropriate settings and using an ARTIC v. 4 BED file for samples (I), (II) and (III) and v. 5.3.2 for samples (IV) (https://github. 
com/artic-network/primer-schemes). 

2.3. Identification of subgenomic RNAs 

Sequence reads derived from subgenomic RNAs were identified using the methodology described in our previous study [39]. The 
first step consists of extracting all read pairs having their forward reads mapped to the expected positions of the leader motif, nu-
cleotides 52–67 in the Wuhan-Hu-1 NC_045512/MN908947.3 reference. Subgenomic RNA reads were subsequently as reads with an 
insert size larger than 21,000 nucleotides and then further classified into the different Orfs based on the start position of the mate read 
anchored to the 3′-end of the subgenomic RNA fragment. We used the assumed 3′-end position of the potential subgenomic mRNAs as 
previously described [43]; S: 21,552, Orf3a: 25,385, E: 26,237, M: 26,469, Orf6: 27,041, Orf7a: 27,388, Orf8: 27,884, and Orf9: 28, 
256. 

For S, E, M and ORFs 6, 7a, and 8, we allowed a tolerance window up to the position of the AUG codon of the following open reading 
frame. For Orf9 (Nucleocapsid/3′ open reading frames), Orf9a and 9b were pooled together, and all positions between position 28,250 
and the 3′-end position were considered as representative of Orf9 since no evidence of Orf10 subgenomic reads were detected in the 
data. No filtering on the start position on the 5′-end was applied so that all reads starting down from position 1 were considered in the 
analyses. A pseudocount of 1 subgenomic RNA was added to each identified read to account for missingness due to the lower limit of 
detection. 

Analysis of 5′-end extension of the sequenced viral RNA Reads with start positions upstream to the ARTIC v4 forward primer 1 
(position 25–50, sequence AACAAACCAACCAACTTTCGATCTC) were selected for further analysis, during which soft and hard-clipped 
bases on the 5′ side to the read were extracted. These sub-sequences were then matched to the Wuhan-Hu1 reference to determine from 
which part of the reference genome they originated. 

3. Principal component analysis 

The structure of the sample collection was assessed using principal component analysis (PCA) on a dataset consisting of sample 
summary information (Supplementary Table 1) and mean coverage values within the genomic features of the SARS-CoV-2 genome 
(Supplementary Table 2). The variables considered in the analyses were the following: mean coverage in the different genomic fea-
tures, Leader positions 52–67, Orf1a, Orf1ab, S, Orf3a, E, M, Orf6, Orf7a, Orf7b, Orf8, Orf9, Orf10, the presence/absence of the 5′-end 
first 300 nucleotides, the total numbers of sequenced reads and mapped reads, the fraction of the genome covered by 10X and above 
and N2 Ct value. The PCA was performed using data scaling and visualized as a biplot using the R packages ggfortify [52] v. 0.4.14 and 
cluster [53] v. 2.1.4. 

The following variable transformations and curation steps were applied: the presence/absence of the first 300 nucleotides in the 5′- 
end of the genome was encoded as a binary variable (Yes/No). for a mean coverage cut-off over 10X. A pseudo count of 1 was added to 
all the mean coverage values to address the absence of coverage. 

3.1. Statistical tests 

The statistical tests performed in this study, i.e. non-parametric Wilcoxon rank-sum tests, Kruskal-Wallis test and Fisher’s exact test 
were performed using R v. 3.6.3. 

Fig. 1. Genome coverage profile of the analyzed wastewater samples. The coverage profiles of reads sequenced from 74 wastewater samples 
collected in 2023 as shown. The samples consisted of wastewater collected directly from six long-distance flights arriving at Copenhagen airport (I, 
orange), 10 pooled samples from aircraft and airport buildings (II, green), and samples collected from 29 wastewater treatment plants in Denmark in 
week 24 (III, dark blue) and week 47 (IV, purple). The first vertical dotted line marks position 300, the second vertical dotted line the start position 
of subgenomic E (position 26,237) and the third vertical dotted line the start position of subgenomic Orf9 (position 28,255). The y-axis was limited 
to 30,000 reads per position. Samples covered by more than 10 reads in the 5′-end first 300-nucleotide region are marked with a triangle above the 
300-nucletide region. Samples in which subgenomic RNAs were detected are marked in yellow. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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4. Results 

4.1. Coverage profile of the wastewater samples 

Wastewater was collected at Copenhagen Airport during the period January–February 2023 and from wastewater treatment plants 
in June 2023 and November 2023. Samples originated from (I) six incoming flights [46], (II) from water tanks containing water pooled 
from different aircraft (‘Pooled A’), and from aircraft and airport hangars and terminals (‘Pooled B’). In addition, samples from 29 
wastewater treatment plants across Denmark were collected during the summer (III) and in the winter (IV). The samples from 
November 2023 were collected during a period with comparable viral concentration in the wastewater as in January 2023 to allow 
better comparison with (I) and (II), both collected in January 2023. Detailed information on the collection date and extraction pro-
cedure is shown in Supplementary Table 1. Illumina paired-end read sequencing was performed before reads were mapped to the 
Wuhan-Hu1 genome reference. Read depth information was collected for each sample and visualized as a coverage profile plot shown 
in Fig. 1 and the mean coverage of genomic features of interest - i.e., each open reading frame and the 5′-UTR region - are summarized 
in Supplementary Table 2. 

While looking at the coverage profiles, it was clearly noticeable that the sequenced wastewater samples were not uniformly 
covered, exhibiting a sawtooth pattern with distinct presence and absence of reads within regularly spaced large intervals, which could 
suggest signs of RNA degradation in the samples or failure of one of the two amplicon pools (e.g. sample WGSL18, AC7 or 
WWTP27_wk24, Fig. 1). 

The 5′-end of the SARS-CoV-2 genome seemed to show important variation in coverage across the different types of samples. We 
found that the first 300 nucleotides were not covered in six out of 10 (60 %) wastewater samples pooled from aircraft and aircraft 
buildings while only one out of six (17 %) wastewater samples from individual aircraft toilet tanks did not have any coverage of the 
first 300 nucleotides. Interestingly, none of the samples from the wastewater plants collected in week 24 had coverage in this region 
(100 % with no coverage in this region) while 27 out of 29 (93 %) samples collected in week 47 had read coverage. We found generally 
that WWTP_wk47 samples covered the entire SARS-CoV-2 genome more extensively than WWTP_wk24 samples. 

When coverage was available in the first 300 positions of the 5′-end, read depth was marginally lower than that of Orf1ab (depth 
range [3–8,535] vs. [10–13,354], Wilcoxon rank-sum test p = 0.03872), and significantly lower between the region covering the leader 
sequence (positions 52–67) and Orf1ab (depth range [1–2,729] vs. [10–13,354], Wilcoxon rank-sum test p = 5.483e-15). 

Looking at the two sample groups with the most samples covering the first 300 nucleotide regions, i.e. the aircraft and WWTP_wk47 
samples, we noted that WWTP_wk47 samples had little or no coverage in the leader region, 3 out 29 (10 %) samples having more than 
10X coverage in this region compared to 4 out of 6 (66 %) of the aircraft samples (Fisher’s exact test p = 0.008517). While the depth 
profiles and summary statistics showed that WWTP_wk47 had comparable genome coverage to aircraft samples, this result showed a 
depletion towards the very 5′-end of the genome. 

The first 300 nucleotide region is covered by the first amplicon of the ARTIC v4 primer set (amplicon 1 left start 25 - amplicon 1 
right end 431). 

The 5′-end region of Orf9 was covered over 3,000X in 62 out of 74 (84 %) samples, mean depth range [6–23,422], median 7,085 
while the 5′-end region of M was depleted in many samples, mean read depth range [1–14,998], median 2,150. Remarkably, while the 
first 300 nucleotides are covered in 9 out of 16 samples (56 %) from aircraft and pooled from aircraft and airport buildings, we found 
reads in one aircraft wastewater sample covering the region 1–25 nucleotides upstream of the first amplicon with a similar mean 
coverage of that of the first 300 bases (mean read depth 57 vs 92). In the wastewater samples, 3 samples out of 58 had reads covering 
the first 25 nucleotides, all of them in the WWTP_wk47 sample group. 

Such reads upstream of the first amplicon, that is 5′-end extended reads, are covered in more detail in a subsequent section. 

4.2. Subgenomic RNA identified in wastewater 

We searched whether it was possible to find subgenomic RNA reads in the wastewater samples processed by Illumina sequencing. 
We used an analytic approach18 that relies on the paired-end reads spanning across the leader and the start position of the subgenomic 
ORFs. Out of 74 samples, we were able to identify subgenomic RNA reads in five (7 %) of them, two directly from (I) the six (33 %) 
aircraft wastewater samples and one from (II) the 10 (10 %) pooled wastewater from airport buildings and aircraft, two (7 %) from the 
wastewater collected in treatment plants in November 2023 (IV), with a majority of these reads mapping to subgenomic Orf9. No 

Table 2 
Overview of the detected subgenomic RNA reads.  

Sample Type of sample Site Count (incl. 1 pseudo- 
count) 

Mapped 
reads 

Counts per 2 million mapped 
reads 

Mean coverage (Positions 
52–67) 

AC3 Aircraft E 8 728,855 19 122 
AC3 Aircraft Orf9 52 728,855 140 122 
AC7 Aircraft Orf9 5 965,808 8 6 
WGSL19 PooledB Orf9 5 834,104 10 7 
WWTP17_wk47 WWTP_wk47 ORF3a 31 1,869,738 32 70 
WWTP17_wk47 WWTP_wk47 M 8 1,869,738 8 70 
WWTP25_wk47 WWTP_wk47 ORF3a 2 2,132,648 1 4  
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subgenomic RNA could be found in (III) wastewater from treatment plants during the summer sampling (0 out of 29 samples, or 0 %) 
since the 5′-end of the SARS-CoV-2 genome was not covered by any reads. A summary of the read counts and coverage is shown in 
Table 2. 

Given the coverage in the positions overlapping with the leader sequence, the subgenomic reads were relatively abundant when 
detected representing between 50 and 80 % of the local read depth. In terms of normalized read counts, the abundance was within the 
upper quarter of that found in our previous study [39] from 7 to 153 counts per 2 million total reads, suggesting that when found, 
subgenomic RNA was abundant in the wastewater samples. Furthermore, of the samples only one, AC3, had a deeply covered 5′-end, 
which allowed us to detect two different subgenomic RNAs (E and Orf9), both in relatively high abundance (Fig. 2A). Further 
investigation showed that the C28311T and C28312T substitutions were observed in all reads covering the Orf9 subgenomic RNA, 
which is consistent with the lineage call obtained using the program Freyja [23] in our previous study on wastewater collected from 
aircraft [46] for this sample which reported BQ.1 as the dominant sublineage (Fig. 2A). The observation of the C26270T substitution 
was similarly consistent for subgenomic RNA E (Fig. 2B). 

While we observed a good coverage of the first 300 nucleotides, the leader region and Orf9 for AC3, it was surprising that we 
succeeded in detecting subgenomic E in this sample given the poor coverage of E (Supplementary Table 2). However, the detected 
reads were almost identical, suggesting that they have most likely been amplified from the same molecule (Fig. 2B), and it is probable 
that we were able to catch the very few subgenomic E molecules that survived in that sample. In addition, we found subgenomic Orf3a 
in two treatment plant samples, in high abundance in sample WWTP17_wk47, 30 reads. The mean coverage of the first 300 nucle-
otides, the leader region and Orf3a were all high (3,517, 70 and 4,218X respectively). We therefore observed in both AC3 and 
WWTP17_wk47 cases, that a high abundance of subgenomic reads coincided with strong read support of both the 5’-end region 
covering the leader sequence and the 3′ part of the subgenomic RNA. 

4.3. Coverage profiles of reads recovered from different wastewater sources form distinct clusters 

To investigate potential patterns in the variability of sequence coverage between samples and types of samples, we performed a 
principal component analysis (PCA) on the mean coverage values per genomic features such as the region covering the leader 
sequence, Orf1a, Orf1ab, S, Orf3a, E, M, Orf6, Orf7a, Orf7b, Orf8, Orf9, Orf10, a binary indicator of the presence/absence of the first 
300 nucleotides region, the total number of raw and mapped reads, the fraction of the genome covered by more than 10X and the N2 Ct 
value. The structure of the dataset is shown as a biplot in Fig. 3A. The ellipses show the 95 % CI for belonging to each group and the 
arrows show the direction of increasing value of each variable. The first two principal components recapitulated 74.3 % of the 
explained variance. 

Five distinct clusters were observed corresponding to the different collections of wastewater. The red cluster is represented by the 

Fig. 2. View of the subgenomic reads in ORF9 and E for the wastewater sample taken from an aircraft (AC3). A snapshot taken with IGV- 
2.16.2 depicting all subgenomic reads mapping to ORF9. Soft-clipped bases on the leftmost positions map to the region of the leader (position 
52–67) containing the GTAGATCTGTTC sequence (green). (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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six wastewater samples collected directly from aircraft (I). The most representative variables of this cluster were the presence of the 5′ 
first 300 nucleotides, fraction of the genome over 10X coverage, and mean coverage in Orf9 and the leader region, N2 Ct and the 
number of raw and mapped reads. 

The other sample types formed clusters with similar properties: pooled A (II light green) and pooled B (II dark green) had little 
separation, with the pooled A showing more variation, most probably since only 4 samples of this type were included in the study. 

And finally, the blue and purple clusters consisted of all the samples collected from wastewater plants in week 24 (III) or week 47 
(IV), were slightly separated, principally due to better coverage in E and M in WWTP_wk47 samples compared to WWTP_wk24. 

All the wastewater plant and pooled samples were generally characterized by lower coverage of shorter ORFs such as 3a, E, M, 6, 
7a, 7b, and 8. It is interesting to see that Pooled A samples, consisting of wastewater from multiple aircraft collected in a 24 composite 
manner, grouped with pooled B and the wastewater plant samples, instead of being grouped with aircraft samples. 

We did not include variables of Supplementary Table 1 describing the extraction conditions, such as the use of centrifugation, use of 
Nanotrap particles or PEG-based extraction since they would trivially separate the different sample groups, PEG being for example 
applied only in Pooled A and B samples. In addition, since the total number of raw reads is larger for the aircraft samples, we repeated 
the PCA using the mean coverage values per genomic feature only to avoid any confounding bias (Supplementary Fig. 1). We again 
found three distinct clusters corresponding to each type of wastewater and WWTP_wk47 samples were more similar in terms of 
coverage to aircraft samples, with strong loadings in E and M. 

To further characterize the differences in breadth of coverage between the different types of samples, we compared the fraction of 
samples covering each genomic region with at least 10 reads on average. The findings are summarized in Fig. 3B. The main genomic 
features such as Orf1a, Orf1ab, S and Orf9 are extensively covered in all types of wastewater samples, fulfilling the standard minimum 
10X coverage usually required by variant calling or lineage designation tools in the routine analyses commonly performed for 
wastewater surveillance of SARS-CoV-2. In addition, while aircraft and pooled wastewater from aircraft and airport buildings showed 
similar breadth of coverage across ORFs, we observe a strong coverage depletion of the 5′-end first 300 nucleotide region and of smaller 
ORFs such as E, M, Orf6 in wastewater from treatment plants collected in week 24 (Kruskal-Wallis test p < 0.01) also reflected in the 
PCA. This analysis also supports that the leader and first 300 nucleotides region were more frequently found in aircraft samples and 
that despite having comparable proportion of samples covering the first 300, WWTP_wk47 samples had fewer samples covering the 
leader than aircraft samples (Kruskal-Wallis test p < 0.0001). 

4.4. 5′-end extension of the subgenomic RNA reads 

We investigated in detail the 5′-end extension of the subgenomic forward reads covering subgenomic Orf9 of the aircraft 

Fig. 3. Sequence read coverage variation across wastewater sample groups. 
Panel A: Principal Component Analysis biplot on mean sequence coverage per region and the total number of raw and mapped reads, coverage at 
10X coverage, presence/absence of the first 300 nucleotides of the 5′-UTR, and N2 Ct value. Panel B: Barplot showing the proportion of samples with 
each genomic region with at least 10X mean coverage. The samples are colored based on whether they originated directly from an aircraft (red), 
from pooled wastewater from aircraft and airport hangars and terminals (green) or from a wastewater treatment plant collected in week 24 (blue) 
and week 47 (purple). Statistical differences between sample groups in panel B were assessed using a Kruskal-Wallis test. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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wastewater sample AC3, since this was the only sample with good coverage of the first 300 nucleotides in which we detected sub-
genomic RNAs. 

Most of the reads (40 out of 51) covered a region outside the start position of the first primer (ARTIC v4 amplicon 1 left primer 
positions 25–50), extending as far upstream as position 11. These 150-nucleotide long reads all had either a hard or soft clipped 
sequence on their 5′-ends, matching a fragment of Orf1ab (Supplementary Table 3). The most frequent chimeric read occurrence 
consisted of this clipped sequence ending with the 4-mer TTTC, attached to the mapped part of the read starting at position 11 with the 
4-mer TATA (35 out of 40 reads). These reads were nearly identical most of the time, suggesting that they have been amplified from the 
same molecule, which is intriguing since the first ARTIC primer starts at position 25 and these reads cover a region outside that region. 

To better understand the mechanisms leading to the formation of these chimeric reads and estimate the extent of their occurrence, 
we performed an additional analysis investigating sequence reads from the 12,324 SARS-CoV-2 genomes collected by the Danish 
national mass test system [54] used in our previous study [39]. Reads were obtained from a similar sequencing approach, i.e. Illumina 
paired-end read sequencing using ARTIC primers, with the exception that RNA was extracted from routine surveillance oropharyngeal 
swabs and that the read length was shorter (74 bp instead of 150 bp for the wastewater study). Out of 23,192,194 reads covering the 
leader positions 52–67, we found a relatively large number of reads, (271,919 in total 1.2 %) with a start position before position 50 
(expected first mapped position of amplicon 1) and among these 110,213 reads (0,5 %) with a 5′-end extension preceding the start 
position of the first ARTIC amplicon primer and a soft clipped sequence attached to their 5′-ends. Among these 5′-end extensions, 78, 
082 (0,3 %) were of length greater than 9 and about half of these were subgenomic (43,164 in total, 55.2 %). Looking at the location of 
the soft-clipped sequence attached upstream of the mapped bases, we performed a BLAST search against the Wuhan-Hu1 reference and 
found that most of these fragments belong to Orf1ab and Orf9, consistent with our findings from reads extracted from wastewater 
(Supplementary Fig. 2). 

Furthermore, we looked at the 4-mer occurrences on both sides of the junction, i.e. the last 4 soft-clipped RNA sequences with first 4 
mapped bases in the SARS-CoV-2 genome in all the chimeric reads extracted from the samples used in our previous study (Supple-
mentary Table 4), and in the subgenomic reads only (Supplementary Table 5). Overall, we found that the most frequent junctions were 
TCCT_AGGT (4,927 times), GATC_TAAA (4,275 times), TCTA_AACA (1,718 times), TCAC_TAAA (1,000 times), GTAC_CAAA (792 
times), while the combination TTTC_TATA seen in the wastewater sample AC3 occurred 37 times (expectation would be 19 if occurring 
at random). In contrast, when looking at the subgenomic reads only, the most frequent junctions were the same as the ones observed in 
all reads, with the exception of GATC_TAAA, which was less frequently observed in subgenomic reads (612 occurrences in contrast 
with the 4,275 occurrences in all reads, Fisher’s two-sided test p < 2.2e-16). The 5′-end mapped sequence corresponding to the 4-mer 
TAAA starts at position 3 which corresponds to the very beginning of the genomic RNA sequence, which is possibly more difficult to 
anneal. Finally, to elucidate the sequence context allowing template switching at the junction, we looked at the 2 nucleotides following 
the 3′-end of the clipped sequences (Supplementary Tables 4 and 5). We found that in the 10 most frequent junctions, the di-nucleotide 
consisted of a A/T combination (i.e. AA/AT/TA/TT) or contained at least a T or an A, e.g. GT, CT. The template switching sequence 
context seen in the reads obtained from swabs was similar to that observed in the wastewater AC3 sample. 

5. Discussion 

In this study, we analyzed SARS-CoV-2 RNA sequence reads obtained from wastewater collected directly from aircraft and from 
tanks of wastewater pooled from aircraft and airport buildings. We compared these samples with regular wastewater collected from 29 
treatment plants across Denmark at two time points. Our objective was to assess the difference in coverage and depth of the sequenced 
aggregate SARS-CoV-2 genomes obtained from such samples, focusing in particular on the 5′-end, and to determine whether it was 
possible to identify SARS-CoV-2 subgenomic RNAs from reads covering this region (the leader sequence) in particular. The secondary 
objective was to understand factors contributing to the sequencing variation and describe the favourable conditions for detecting 
subgenomic RNA reads and the implication of the ability to detect subgenomic RNA in wastewater. 

Only five out of 74 samples (7 %) contained subgenomic RNA reads, mostly mapping to subgenomic Orf9. This is consistent with 
previous work reporting that N1 and N2 were the sequence features of SARS-CoV-2 most likely to be recovered from wastewater [37]. 
We also found subgenomic Orf3a in abundance in one wastewater sample, a subgenomic RNA for which RT-qPCR assays [55] are also 
available, demonstrating the ability of wastewater sequencing to detect such RNA molecules. While looking at the mean coverage of 
the first 300 nucleotides on the 5′-end of the genome, we found that most samples directly collected from aircraft had this region 
covered (5 out of 6), while only 4 out of 10 samples had reads covering these regions in samples obtained from water tanks pooled from 
various sources. None of the samples from wastewater plants collected in the summer had coverage in the 5′-end, while 27 out of 29 
wastewaters collected in the sample plants in the winter had reads covering this region. This result illustrates the variability of the 
sequencing output and, in the case of the two WWTP sample groups, collected at the same sites and processed in the same way, the 
difference in viral circulation between summer and winter as well as weather conditions, e.g. heat and precipitation, could be possible 
contributors to the observed difference. 

The PCA (Fig. 3A) showed that the sequence coverage metrics of the samples clustered into the five groups based on the different 
types of water collections and that the 5′-end persistence was strongly associated with the aircraft wastewater. 

While aircraft wastewater strongly separated from the other types of samples, we observed thatthan both WWTP and pooled A and 
B samples were quite similar in terms of reads covering the SARS-CoV-2 regions, although viral RNA concentration was done 
differently: Nanotrap was used for WWTP samples and a PEG-based method for pooled A and B. 

We also found little difference between aircraft and WWTP_wk47 samples which were deeply covered across the genome where 
both sample types had been processed using a PEG-based method. The only difference between these two were the read support in the 
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leader. Aircraft samples are saturated with fecal material compared to WWTP samples, which made them more susceptible to PCR 
inhibition. However, these samples are more concentrated in terms of viral material and have a shorter retention time compared to 
WWTP samples. Longer retention time of WWTP samples compared to aircraft waste could also contribute to the observed difference in 
preservation of the 5′-end. In vitro experiments would be needed to confirm this. Finally, pooled samples were processed using PEG 
unlike aircraft and WWTP samples. To better decipher the sources of variation of coverage between pooled and aircraft samples, in 
particular pooled A, future experiments could be added to the study by processing the pooled wastewater with Nanotrap particles. 

Many factors influence SARS-CoV-2 RNA degradation in wastewater, including temperature, pH, elapsed time, and the presence of 
disinfecting chemicals or detergent that would break the membrane structures and expose the viral RNA to the hostile environment. 
Unlike the samples directly taken from aircraft, pooled samples were obtained from water tanks used to collect wastewater from 

Fig. 4. Schematic representation of the plausible template switching mechanism occurring to some 5′end reads. 
Hexamers and random primers attach to the positive strand viral RNA, and the negative strand cDNA is generated by the reverse transcriptase 
included in the reaction. In some cases, non-random template switch occurs on the 5′-end with another positive-strand RNA while generating cDNA 
for positive-strand RNA template. The resulting cDNA is then amplified by the reverse ARTIC primer and a hexamer that reverse complements the 
positive strand sequence generated by template switching. In the tagmentation step, fragments containing i) the forward hexamer primer on the 5′- 
end, ii) the ARTIC reverse primer sequence on the 3′-end or iii) none of the primer sequences are amplified by post-PCR. 
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multiple sources, and the material in these tanks has been stored for longer and at room temperature before samples were collected, 
allowing environmental factors to cause more damage to the viral RNA. Wastewater from treatment plants was collected at ambient 
temperature (between 13.5 and 20 ◦C) and exposed to climate conditions such as rain. 

Due to incomplete data collection, we were not able to fully assess the impact of pH on the quality of the sequenced viral RNA in the 
samples. Although the literature seems to support that the enveloped SARS-CoV-2 virus is stable in a wide range of pH [10,22], the 
available data we have on this, reveal a high pH value (9–10) in samples directly from aircraft due to addition of Idu-flight [7] 
disinfectant and alkaline cleaning agents, which have been described to be very efficient in eliminating the virus within a few hours 
[10,11], including the negative-strand RNAs, sheltered in double-membrane vesicles which are also susceptible to detergents [8]. 

When we investigated the completeness of the genomes across samples (Fig. 3B and Supplementary Table 2) we first noted that all 
sample types had the main regions of interest well covered, allowing reliable genomic surveillance tasks such as variant calling or 
lineage designation. However, our data shows that coverage completeness had deteriorated more in pooled wastewater from aircraft 
and airport buildings and in wastewater from treatment plants. Not only the overall fraction of the genome supported by more than 10 
reads decreases (90 % covered over 10X on average for aircraft, 81 % for pooled A, 75 % for pooled B and 36 % for wastewater plants 
week 24, 91 % for week 47 samples) but deterioration and lack of coverage was focused in a few regions, in particular the 5′-end first 
300 nucleotides and small ORFs such as E, M, Orf6, Orf7a, Orf7b, Orf8 and Orf10, with significant differences between groups for the 
5′-end, E, M and Orf6. This could have implications on the type of wastewater to use to perform analyses requiring deep and extensive 
coverage across all regions of the SARS-CoV-2 genome. 

Altogether, since our higher quality samples clustered based on being directly collected from an aircraft and that despite good 
coverage across the genome, winter wastewaters were lacking reads covering the very 5′-end, we can hypothesize that time may be a 
strong factor in degrading the 5′-end of the genome and decrease the ability to detect e.g. subgenomic RNA, as WWTP samples undergo 
longer retention (several days vs. hours), longer collection time (24hr vs. grab sampling) and longer transportation time (15 min from 
the airport to the processing lab vs. hours of transportation time from the treatment plants). 

An important part of our study focused on investigating the sequenced reads mapping to the 5′-end of the SARS-CoV-2 genome. 
Sequencing was performed using amplicon-based Illumina paired-end sequencing using the ARTIC v4 primer set, which covers the 
SARS-CoV-2 genome between positions 25 to 29,854. Looking at the sequence reads mapping to the 5′-end, we found approximately 40 
reads covering the region upstream of the first amplicon, extending as far as SARS-CoV-2 position 11. Interestingly, all the reads with a 
start position preceding the position of the first primer had either a soft or hard clipped sequence adjacent to the 5′ most first mapped 
bases of the reads, all mapping to RNA sequences located in Orf1ab. While comparing this result with the one we gathered from 
analyzing genomes from routine oropharyngeal swab samples collected by the Danish national mass test system [54] and used in our 
previous study [39] we found that most of these adjacent fragments belong to Orf1ab and Orf9. In addition, many of these reads were 
identical, suggesting that they have been amplified from the same molecule. While we demonstrated the existence of chimeric reads 
consisting of sequences mapping to different regions in the SARS-CoV-2 genome, their origin is still unclear. It has been previously 
described that next-generation sequencing-associated chimeric artefacts formed by annealing via short sequences are abundant in 
reads from FFPE (formalin-fixed paraffin-embedded) genome libraries [56]. While this example case affected single-stranded DNA 
fragments formed by degradation during FFPE storage, this phenomenon occurred this time on viral RNA and possibly during the 
cDNA synthesis step. In Fig. 4, we describe a possible scenario for the formation of these chimeric reads. First, random hexamers bind 
to the positive-sense viral RNA during cDNA formation, and double-stranded cDNA are synthesized. For some reads, in particular reads 
mapping to the 5′-end of the SARS-CoV-2 genome, template-switching occurs with another positive-strand RNA template sequence via 
non-random short sequence patterns and chimeric cDNA consisting of the sequences from the two RNA templates are formed. cDNA 
amplification occurs using the ARTIC first reverse primer and a forward primer possibly formed during cDNA synthesis. Some evidence 
of this amplification is shown by the high similarity of certain reads to one another, see Supplementary Table 3. Subsequently, some of 
these amplified fragments have sequencing adapters and primers attached and Illumina paired-end sequencing occurs. The analyses of 
the most frequent genomic locations of the 5′-end fragment attached to the mapped portion of the chimeric reads, together with the 
analysis of the most frequent 4-mers at the junction demonstrate that the template annealing mechanism is relatively frequent and 
importantly non-random. Based on the data collected from reads sequenced from wastewater and from swabs collected in a previous 
study, we found that the positive-strand RNA fragments could anneal via sequences as short as two nucleotides, consisting mostly of 
A/T combinations in the most frequently observed cases. The observed annealing mechanism resembles the mechanism described for 
Tn5/I50 recognition sites [57] which involve one A or T nucleotide spacer between both half-sites, with the difference that we did not 
see palindromic or symmetrical half-sites. While our study only looked at chimeric reads mapping to the 5′-end, it is highly plausible 
that it happens to sequence reads that map to other parts of the genome, especially since the template-switching mechanism occurs 
during the synthesis of subgenomic RNAs. 

Chimeric reads consisting of sequences belonging to different parts of the SARS-CoV-2 genome have substantial implications in the 
analysis and mapping of the region upstream of the first ARTIC amplicon, as these could introduce of mapping errors or be mis-
interpreted as mutations. It has, for example, been suggested to mask the positions 1–55 and 29,804–29,903 to avoid potential 
miscalled nucleotides in the analyses of SARS-CoV-2 assemblies [58]. The issue should be of lesser importance or negligible in the 
regions well-amplified and covered by the ARTIC-based amplicons. 

While the most plausible explanation of these chimeric sequences captured by reads mapping the 5′-end of the genome is from a 
technical origin, we cannot exclude that the formation of such sequences could occur during coronavirus replication under a process 
that needs to be clarified. It has been described in bovine coronavirus that subgenomic RNA undergo replication throughout infection, 
plus and minus strand synthesis happening simultaneously [59]. We could hypothesize that annealing occurs between two 
positive-strand fragments while negative-strand RNA is being replicated. Clearly, strand-switching is not new for coronavirus 
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transcription as it plays a major role during generation of subgenomic RNAs. Consequently, envisioning that additional modes of 
strand-switching could be part of the coronavirus transcription and replication strategy is most certainly possible and may provide 
insight into replication of the very ends of the virus genome. 

In summary, we have performed a next-generation sequencing analysis of SARS-CoV-2 RNA extracted from aircraft, airport and 
treatment plant wastewater. Our findings confirmed a high variability in genome coverage and depth, particularly in a region covering 
the first 300 nucleotides of the 5′-end of the genome and the leader, which appeared to be more degraded in wastewater tanks that 
collect waste from multiple sources including aircraft and buildings and in wastewater plants which are exposed to the weather. We 
did, however, succeed in identifying subgenomic reads in five of the samples at abundance levels similar to those we reported in a 
previous study using RNA samples collected from oropharyngeal swabs. The analysis of these subgenomic reads also uncovered the 
existence of chimeric reads consisting of a fragment of viral RNA attached to the 5′-extension of the SARS-CoV-2 genome that covers 
the leader. 

While it is clear that coverage of sequence reads recovered from wastewater is subject to high variability due to multiple envi-
ronmental and technical factors, the ability to detect subgenomic RNA in the wastewater seems to require certain conditions of 
preservation of the 5’-end, in particular the persistence of the first 25 nucleotides and the leader. We suggest that the ability to detect 
subgenomic RNA, could be used as an indicator of the abundance of viral particles, good sample handling and to a lower extent the 
degradation of the 5′-extension of the SARS-CoV-2 RNA. Further investigation and experiments will be needed to better clarify the 
origin of the chimeric 5′-end reads. 
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