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Abstract 

 

Introduction 

SARS-CoV-2 has a complex strategy for the transcription of viral subgenomic mRNAs 

(sgmRNAs), which are targets for nucleic acid diagnostics. Each of these sgRNAs has a unique 

5’ sequence, the leader-transcriptional regulatory sequence gene junction (leader-TRS-

junction), that can be identified using sequencing. 

Results 

High resolution sequencing has been used to investigate the biology of SARS-CoV-2 and the 

host response in cell culture models and from clinical samples. LeTRS, a bioinformatics tool, 

was developed to identify leader-TRS-junctions and be used as a proxy to quantify sgmRNAs 

for understanding virus biology. This was tested on published datasets and clinical samples 

from patients and longitudinal samples from animal models with COVID-19. 

Discussion 

LeTRS identified known leader-TRS-junctions and identified novel species that were common 

across different species. The data indicated multi-phasic abundance of sgmRNAs in two 

different animal models, with spikes in sgmRNA abundance reflected in human samples, and 

therefore has implications for transmission models and nucleic acid-based diagnostics. 
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Introduction 

Various sequencing approaches are used to characterise SARS-CoV-2 RNA synthesis in cell 

culture1,2, ex vivo models3 and clinical samples. This can include nasopharyngeal swabs from 

patients with COVID-194 to post-mortem samples from patients who died of severe disease5. 

Bioinformatic interrogation of this data can provide critical information on the biology of the 

virus. SARS-CoV-2 genomes are message sense, and the 5’ two thirds of the genome is 

translated and proteolytically cleaved into a variety of functional subunits, many of which are 

involved in the synthesis of viral RNA6. The remaining one third of the genome is expressed 

through a nested set of subgenomic mRNAs (sgmRNAs). These have common 5’ and 3’ ends 

with the coronavirus genome, including a leader sequence. Many studies have shown that 

the sgmRNA located towards the 3’ end of the genome, which encodes the nucleoprotein, 

generally has a higher abundance than those located immediately after the 1a/b region and 

the genome itself7,8. However, there is not necessarily a precise transcription gradient of the 

sgmRNAs. The 5’ leader sequence on the sgmRNAs is immediately abutted to a short 

sequence called a transcriptional regulatory sequence (TRS) that is involved in the control of 

sgmRNA synthesis9,10. These TRSs are located along the genome and are proximal to the start 

codons of the open reading frames11. In the negative sense the TRSs are complementary to a 

short portion of the genomic leader sequence. The TRS is composed of a short core motif that 

is conserved and flanking sequences9,10,12. For SARS-CoV-2 the core motif is ACGAAC. 

 

The prevailing thought is that synthesis of sgmRNAs involves a discontinuous step during 

negative strand synthesis13,14. A natural consequence of this is recombination resulting in 

insertions and deletions in the viral genome and the formation of defective viral RNAs. Thus, 

the identification of the leader/sgmRNA complexes by sequencing provides information on 
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the abundance of the sgmRNAs and evidence that transcription has occurred in the tissue 

being analysed. In terms of clinical samples, if infected cells are present, then leader/sgmRNA 

‘fusion’ sequence can be identified, and inferences made about active viral RNA synthesis 

from the relative abundance of the sgmRNAs. In the absence of human challenge models, the 

kinetics of virus infection are unknown, and most studies will begin with detectable viral RNA 

on presentation of the patient with clinical symptoms. In general, models of infection of 

humans with SARS-CoV-2 assume an exponential increase in viral RNA synthesis followed by 

a decrease as antibody levels increase15. 

 

In order to investigate the presence of SARS-CoV-2 sgmRNAs in clinical (and other) samples, 

a bioinformatics tool (LeTRS), was developed to analyse sequencing data from SARS-CoV-2 

infections by identifying the unique leader-TRS gene junction site for each sgmRNA. The utility 

of this tool was demonstrated on cells infected in culture, nasopharyngeal samples from 

human infections and longitudinal analysis of nasopharyngeal samples from two non-human 

primate models for COVID-19. The results have implications for diagnostics and disease 

modelling. 
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Results 

A tool, LeTRS (named after the leader-TRS fusion site), was developed to detect and quantify 

defined leader gene junctions of SARS-CoV-2 (and other coronaviruses) from multiple types 

of sequencing data. This was used to investigate SARS-CoV-2 sgmRNA synthesis in humans 

and non-human primate animal models. LeTRS was developed using the Perl programming 

language, including a main program for the identification of sgmRNAs and a script for plotting 

graphs of the results. The tool accepts FastQ files derived from Illumina paired-end or Oxford 

Nanopore amplicon cDNA, Nanopore direct RNA sequencing, or BAM files produced by a 

splicing alignment method with a SARS-CoV-2 genome (Supplementary Figure 1). (Note that 

SARS-CoV-2 sgmRNAs are not formed by splicing, but this is the apparent observation from 

sequencing data as a result of the discontinuous nature of transcription). By default, LeTRS 

analyses SARS-CoV-2 sequence data by using 10 known leader-TRS junctions and an NCBI 

reference genome (NC_045512.2). However, given the potential heterogeneity in the leader-

TRS region and potential novel sgmRNAs, the user can also provide customize leader-TRS 

junctions and SARS-CoV-2 variants as a reference. The tool was designed to investigate very 

large data sets that are produced during sequencing of multiple samples. As there is some 

heterogeneity in the leader-TRS sites, LeTRS was also designed to search the leader-TRS 

junction in a given interval, report 20 nucleotides at the 3’ end of the leader sequence, the 

TRS and translated first orf of the sgmRNA, and find the conserved ACGAAC sequences in the 

TRS. 

 

Combinations of read alignments with the leader-TRS junction that are considered for 

identifying leader-TRS junction sites 
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Various approaches have been used to sequence the SARS-CoV-2 genome and in most cases, 

this would also include any sgmRNAs as they are 3’ co-terminal and share common sequence 

extending from the 3’ end. Methods such as ARTIC16 and RSLA4 use primer sets to generate 

overlapping amplicons that span the entire genome, and also amplify sgmRNA. Included is a 

primer to the leader sequence, so that the unique 5’ end of these moieties are also sequenced. 

Primer sets of ARTIC and RSLA are generally pooled. Unbiased sequencing can also be used in 

methodologies to identify SARS-CoV-2 sequence. Data in the GISAID database have been 

generated by Oxford Nanopore (minority) or Illumina (majority) based approaches. These can 

give different types of sequencing reads derived from the sgmRNAs that can be mapped back 

on the reference SARS-CoV-2 genome by splicing alignment (Figure 1A). For example, there 

are a number of different types of reads that can be derived from mapping Illumina-based 

amplicon sequencing onto the reference viral genome (Figure 1B and 1C). During the PCR 

stage, the extension time allows the leader-TRS region on the sgmRNAs to be PCR-amplified 

by the forward primer and the reverse primer before and after leader-TRS junction in different 

primer sets, respectively. Both of these forward and reverse and primers would be detected 

at both ends of each paired read (Figure 1B pink lines) if the amplicon had a length shorter 

than the Illumina read length (usually 100-250 nts). If the amplicon was longer than the 

Illumina read length, primer sequence would be only found at one end of each paired read 

(Figure 1B green lines). The extension stage could also proceed with a single primer using 

cDNA from the sgmRNA as template. This type of PCR has a very low amplification efficiency, 

but theoretically could also generate the same Illumina paired end reads with just one primer 

sequence at one end (Figure 1C). These paired end reads could include the full length of the 

leader sequence but might not reach the 3’ end of the sgmRNA, because of the limitation of 
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Illumina sequencing length and extension time (Figure 1C). Also, unless there are cryptic TRSs, 

all sgmRNAs would be expected to be larger than the Illumina sequencing length. 

 

In contrast, the different types of read alignment in the Nanopore based cDNA sequencing 

are simpler to assign. The longer reads that tend to be generated by Nanopore sequencing 

(depending on optimisation) enable the capture of full-length sequences of all amplicons. 

Provided the leader sequence is included as a forward primer most of the reads spanning the 

leader-TRS junction would contain the forward and reverse primer sequences at both ends 

(Figure 1D pink lines). If the extension time allowed, single primer PCR amplification could 

take the Nanopore cDNA sequencing reads to both the 3’ and 5’ ends of the sgmRNAs, and 

these types of reads would only have a primer sequence at one end (Figure 2D brown lines). 

In the Nanopore direct RNA sequencing approach, the full length sgmRNA could be sequenced 

and mapped entirely on the leader and TRS-orf regions (Figure 1E). 

 

Evaluation of LeTRS on SARS-CoV-2 infection in cell culture. 

In order to assess the ability of LeTRS to identify the leader-TRS junctions from sequencing 

information, the tool was first evaluated on sequence data obtained from published SARS-

CoV-2 infections in cell culture and our laboratory experiments conducted for this study. First, 

published data was used from sequencing viral RNA at 72 hrs post-infection in a cell culture 

model16. SARS-CoV-2 was sequenced using Nanopore from an amplicon-based approach 

(ARTIC)16 (Figure 2A, Table 1 and 2,  Supplementary Tables 1 and 2). All of the major known 

leader-TRS gene junctions were identified. Interestingly, the nucleoprotein gene leader-TRS 

was approximately the same abundance as the membrane leader-TRS, whereas the other 

leader-TRSs were much lower.  Two potential novel leader-TRS gene junctions were identified 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 3, 2021. ; https://doi.org/10.1101/2021.03.03.433753doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.03.433753


 8 

at positions 21,055 and 28,249 (Figure 2A, Table 2, Supplementary Table 2). The former is 

within the orf1b region and the latter within orf8. Second, data was analysed from a published 

experiment of cells infected (Figure 2B, Table 3 and 4, Supplementary Tables 3 and 4) and 

control sample (Tables 5 and 6) in culture using a direct RNA sequencing approach2. Analysis 

demonstrated a more expected pattern of abundance of the leader-TRS gene junctions 

(Figure 2B, Table 3 and Supplementary Table 3). The leader-TRS nucleoprotein gene junction 

was most abundant, and in general, the patten of abundance of the leader-TRS gene junctions 

for the major structural proteins followed the order of the gene junction along the genome. 

Novel low abundance leader-TRS gene junctions were also identified. One of these low 

abundance leader-TRSs gene junctions was also common to those found by the ARTIC 

amplicon analysis (Figure 2A and B, Table 2 and 4, Supplementary Table 2 and 4). Third, LeTRS 

was evaluated on sequencing data obtained from VeroE6 cells infected in culture with SARS-

CoV-2 (SCV2-006). Here viral RNA, that had been prepared at 24 hrs post-infection, was 

amplified using the ARTIC approach and sequenced by Illumina (Figure 2C, Table 7 and 8, 

Supplementary Tables 5 and 6). As would be predicted the major leader-TRS gene junctions 

were identified, with the nucleoprotein one being the most abundant. Novel potential leader-

gene junctions were also identified, including three that were greater in abundance than the 

other leader-gene junction. Some of the novel leader-TRS gene junctions from these three 

cell culture data sets shared the same first orf with the known sgmRNAs (Supplementary 

Tables 2, 4 and 6). 

 

Comparison with other informatic tools that can identify leader TRS gene junctions. 

Periscope v0.08a is another tool that was developed to identify sgmRNA from Illumina and 

Nanopore ARTIC amplicon sequencing data17. The tool functions based on searching a 32 nt 
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leader sequence (genomic position: 34-65) and anchoring the known TRS-orf boundaries on 

the reads for identification of known sgmRNAs. Periscope does not take into consideration 

the sequences and distance between the leader and TRS-orf boundaries. Periscope can 

analyse ARTIC amplicon sequencing data, whereas LeTRS can also input a variety of different 

amplicon and direct RNA sequencing data. Given the very large sequencing datasets being 

generated as part of the global effort to sequence SARS-CoV-2 the performance of LeTRS was 

compared to Periscope in terms of computation time. Illumina sequencing data from a 

nasopharyngeal sample of a human patient with COVID-19 and Nanopore ARTIC amplicon 

published cell culture data sets were used for comparison. This used the number of reads with 

at least one primer sequence at either end in the LeTRS and the number of “High Quality” 

reads (the reads with both 32 nts leader sequences and known TRS-orf boundary) in Periscope. 

Periscope was run with the default setting17. Both LeTRS and Periscope identified a similar 

number of reads for both data sets (Supplementary Figure 2, Tables 1 and 3 and 

Supplementary table 7). With 16 CPU cores, the run times for LeTRS was 1m 40.692s and 2m 

14.911s for these tested Illumina and Nanopore data sets, respectively, and for Periscope 

these were 7m 31.183s and 16m 49.448s. We also tested the data from ARTIC Illumina cell 

culture data, but Periscope had an error.  

 

Analysis of sequencing data from longitudinal nasopharyngeal samples taken from two 

non-human primate models of COVID-19 indicated multi-phasic sgmRNA synthesis. 

Part of the difficulty of studying SARS-CoV-2 and the disease COVID-19 is establishing the 

sequence of events from the start of infection. Most samples from humans are from 

nasopharyngeal aspirates taken when clinical symptoms develop. This tends to be 5 to 6 days 

post-exposure. In the absence of a human challenge model, animal models can be used to 
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study the kinetics of SARS-CoV-218,19. Two separate non-human primate models, cynomolgus 

and rhesus macaques, were established for the study of SARS-CoV-2 that mirrored disease in 

the majority of humans18. To study the pattern of sgmRNA synthesis over the course of 

infection, nasopharyngeal samples were sequentially gathered daily from one day post-

infection up to 18 days post-infection from the two NHP models. RNA was purified from these 

longitudinal samples as well as the inoculum virus and viral RNA sequenced using the ARTIC 

approach on the Illumina platform.  

 

Analysis of the sequence data from the inoculum used to infect the NHPs indicated that leader 

gene junctions could be identified (Supplementary Figure 3, Supplementary_Table_8), but 

these did not follow the pattern of abundance of leader TRS-gene junctions found in infected 

cells in culture, where the leader TRS-N gene junction was most abundant (Figure 1C). In 

contrast, analysis of the longitudinal sequencing data from nasopharyngeal aspirates from 

the non-human primate model identified leader TRS-gene junctions associated with the major 

sgmRNAs (Figure 3, Supplementary_Table_9) as well as novel leader-TRS gene junction sites 

(Supplementary Figures 4 and 5). Analysing the abundance of the leader TRS-gene junctions 

for both model species over the course of infection revealed a phasic nature of sgmRNA 

synthesis. The leader TRS nucleoprotein gene junction was the most abundant, and there was 

a similar phasic pattern of potential sgmRNA synthesis with Illumina ARTIC method (Figure 3). 

For both species, viral load and hence sgmRNA synthesis had dropped by Day 8 and Day 9. 

 

Analysis of leader TRS-gene junction in human samples revealed expected and aberrant 

abundances 
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To investigate the pattern of leader-TRS gene junction abundance during infection of SARS-

CoV-2 in humans, nasopharyngeal swabs form patients with COVID-19 were sequenced by 

the ARTIC approach using either Illumina (as part of COG-UK) (N=15 patients) (Figure 4, 

Supplementary Table 7) or by Oxford Nanopore (as part of ISARIC-4C) (N=15 patients) (Figure 

5, Supplementary Table 10). In a number of samples, leader-TRS gene junctions were 

identified, and followed an expected pattern, with the nucleoprotein gene junction being the 

most abundant (e.g., Sample 1 in Figures 4A and B, Patient 2 day1 in Figure 5A and B). 

However, in several of the samples there was very large representation of single leader-TRS 

gene junction (e.g. Sample 4 and 5 in Figures 4A and B). These tended to map to the 

nucleoprotein gene (Sample 5, 8 and 13 Figures 4A and B). The heterogeneity in abundance 

of leader gene junctions was reminiscent for that from the non-human primate study with a 

defined and expected pattern near the start of infection but then becoming phasic. The 

samples gathered under ISARIC-4C were from hospitalised patients and permitted some 

knowledge of time of symptom onset and sequential sampling. In general, the data indicated 

that on first sample, when the patient was admitted to hospital, abundance of leader-TRS 

gene junctions followed a somewhat expected pattern seen in infected cells (Patient 6 day1 

and day9 in Figures 5A and B). However, with further days post-sample, e.g. (Patient 7 day7 

Figures 5A and B), the gradient pattern fell down and the leader-TRS N gene junction was the 

most abundant and far exceeded any other detectable species. The abundance of leader-TRS 

N gene junction in the patients at a later stage of infection followed that observed in the NHP 

model (Figure 3). 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 3, 2021. ; https://doi.org/10.1101/2021.03.03.433753doi: bioRxiv preprint 

https://doi.org/10.1101/2021.03.03.433753


 12 

Commonality of novel leader-TRS gene junctions 

The sequencing data spanning cell culture infection, animal models and clinical samples from 

humans indicated the presence of novel leader-TRS gene junctions. Their detection generally 

increased with depth of coverage. Coronavirus replication and transcription is promiscuous, 

and recombination is a natural result of this, resulting in insertions, deletions and potential 

gene rearrangements. Many of these novel leader-TRS junctions were centred around the 

known gene open reading frame but out of the search interval.  These type of leader-TRS gene 

junctions could be only found with spike, membrane, ORF6, ORF7b and nucleocapsid orfs, in 

which the membrane orf was the most common (Figure 6A). In order to define what might be 

genuine novel leader-TRS gene junctions, these were compared across the data in all Illumina 

ARTIC data (Figure 6B, Supplementary Table 11). This identified 5 novel leader-TRS junctions 

that were common to all the data, the majority of these being focused on the membrane orf. 
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Discussion 

Coronavirus sgmRNAs are only synthesised during infection of cells and therefore their 

presence in sequence data can be indicative of active viral RNA synthesis. The abundance of 

the sgmRNAs in infected cells should follow a general pattern where the sgmRNA encoding 

the nucleoprotein is the most abundant. Identification and quantification of the unique 

leader-TRS gene junctions for each sgmRNA can be used as a proxy for their abundance. 

 

LeTRS was developed to interrogate sequencing datasets to identify the leader-gene junctions 

present at the 5’ end of the sgmRNAs. LeTRS was first evaluated and validated on cell culture 

data from published datasets2,16 and from a cell culture experiment as part of this study and 

then used in an analysis of nasopharyngeal samples from non-human primate and human 

clinical samples. The results showed that the positions of the leader-TRS junction sites with 

peak read counts were same as the given reference positions. The exception was at leader-

gene junction for orf7b in the Nanopore sequencing. The normalized count results confirmed 

the reads spanning the junctions showed that the leader-TRS nucleoprotein gene junction 

was the most abundant, and orf7b and orf10 were the most infrequent in line with other 

data2,20. Several low abundant leader-TRS junctions were identified in all of the datasets with 

the implication these were either from potential lower abundant novel sgmRNAs, or 

represented known sgmRNAs, but with different leader-TRS junctions. Likewise, at low 

frequency these could represent an aberrant viral transcription process or artefacts of the 

different sequencing processes – although this latter possibility is less likely through the 

published direct RNA sequencing approach2 (Figure 2B). Traditionally, such sgmRNAs have 

been first identified in coronaviruses by either northern blot and/or metabolic labelling8. 

Several other groups have identified novel leader-TRS gene junctions and potential 
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subgenomic mRNAs for other coronaviruses, including avian infectious bronchitis virus21. The 

best way of validating potential novel sgmRNAs would be through matching proteomic data 

to confirm genuine open reading frames1. Analysis of several published sequencing datasets 

identified novel viral RNA molecules that the authors suggested were sgmRNAs containing 

only the 5’ region of orf1a22. Such species are likely to be defective RNAs, that act as templates 

for replication. Interestingly, they hypothesize that at later time points post-infection in cell 

culture potential novel sgRNAs are generated non-specifically22, which potentially ties in with 

a disconnect of leader-TRS gene junctions observed in our study both in vivo from the 

nasopharyngeal samples from latter time points in the NHP models and in humans and from 

the published data from SARS-CoV-2 infections in cell culture gathered at later time points 

compared to earlier time points2,16.  

 

Advanced filtering can improve the confidence of the identified leader-TRS junction in the 

sequencing reads. Amplicon sequencing provided a unique opportunity to filter the 

sequencing reads. The reads spanning the junctions with the correct forward primer, reverse 

primer or both primer sequences at the ends of reads proved the known/novel sgmRNA 

existing in tested Illumina and Nanopore ARTIC v3 primers amplicon sequencing data (Tables 

1 and 3). For Illumina sequencing, the same junction on paired reads with at least a primer 

provided extra evidence for leader-TRS identification. Some reads were identified that did not 

have primer sequences and these were likely to be miss-mapped, from template sgmRNA or 

low-quality sequence. These were present at very low abundance compared to authentic 

mapped reads (Tables 1, 3 and 5). No reads with polyA were detected in the Nanopore 

amplicon sequencing data, this was likely because the limited PCR extension time restricted 

the primers to reach the 5’end of subgenomic mRNA (Table 1 and Supplementary Table5). 
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The Nanopore direct RNA sequencing had the potential to generate full length mRNA 

sequences. The polyA sequences and leader-TRS junctions in the reads can be good signals to 

prove the full length sgmRNA in the test data (Tables 3 and 4). Because the fortuitous 

sequencing of some host mRNA may lead false positive result, LeTRS was tested against 

sequence data from uninfected controls cells2. No positive reads were found in this control 

sample (Tables 5 and 6), suggesting the LeTRS could effectively screen out or not recognise 

any false positives. Crucially, LeTRS used less CPU runtime and provided more detailed 

information than other tools to investigate this17, and therefore is suited for the high 

throughput analysis of large amounts of diverse sequencing data. 

 

In terms of a clinical sample, such as a nasopharyngeal swab, the presence of sgmRNAs will 

be due to the presence infected cells. In general, this has been seen as indicative of active 

viral RNA synthesis at the time of sampling5,23,24, although these have also been postulated to 

be present through resistant structures after infection has finished25. Analysis of inoculum 

indicated that leader-TRS gene junctions could be identified (Supplementary Figure 3) but 

that these were not in the same ratio as found in cells infected in culture (e.g., Figure 2B and 

2C). Thus, if the abundance of leader-TRS gene junctions follows an expected pattern of the 

nucleoprotein gene leader-TRS gene junction being the most abundant followed by a general 

gradient in sequence data from nasopharyngeal samples, then this may be indicative of an 

active infection – and the presence of infected cells in a sample. 

 

In the absence of a human challenge model, NHP models that closely resemble COVID-19 

disease in humans can be used to study SARS-CoV-2 infection, from a very defined initial 

exposure. RNA was sequenced from longitudinal nasopharyngeal samples from two NHP 
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models, rhesus and cynomolgus macaques18. LeTRS used to identify the abundance of the 

leader-TRS gene junctions in this data. The analysis indicated a phasic pattern of sgmRNA 

synthesis with a large drop off after Day 8/9 post-infection in both NHP models. This phasic 

pattern may be explained by an initial synchronous infection of respiratory epithelial cells and 

then these cells dying. Released virus then goes on to infect new epithelial cells with virus 

infection increasing exponentially in waves but becoming asynchronous. The decline in 

sgmRNA from Day 8/9 overlaps with IgG seroconversion and humoral immunity in both 

species18 and follows similar kinetics to serology profiles measured in patients with COVID-19. 

 

The identification of sgmRNAs in nasopharyngeal samples and their kinetics has implications 

for nucleic acid-based diagnostics (many of which have three targets, one in the orf1a/b 

region and two which are shared between the genome and sgmRNAs – the nucleoprotein and 

the spike genes). Assuming equivalency between the targets, if the nucleoprotein target is 

found to be more abundant than the spike target than the genomic target, then this would 

suggest infected cells are present in the sample. We would caution that a decrease in Ct 

associated with RT-qPCR based assays may not just be reflective of higher viral loads but also 

may be indicative of more infected cells being present. These may be resolved by considering 

the relative ratios of sgmRNAs identified. The potential phasic nature and overt abundance 

of the leader-TRS nucleoprotein gene junction found in many of the human samples would 

caution transmission models that include viral Ct measurements. 
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METHODS 

Data input 

LeTRS was designed to analyse FastQ files derived from Illumina paired-end or Nanopore 

cDNA sequencing data derived from a SARS-CoV-2 amplicon protocol, or standard Nanopore 

SARS-CoV-2 direct RNA sequencing data (Figure 1). The Illumina/Nanopore FastQ sequencing 

data were cleaned to remove adapters and low-quality reads before input. Sequencing data 

derived from other sequencing modes or platforms can also be analysed by LeTRS via input 

of a BAM file produced by a custom splicing alignment method with a SARS-CoV-2 genome 

(NC_045512.2) as a reference (Figure 1). This can also be rapidly adapted for other 

coronaviruses. 

 

Library preparations 

Total RNA was isolated using a QIAamp Viral RNA Mini Kit (Qiagen, Manchester, UK) by spin-

column procedure according to the manufacturer’s instructions. RNA samples were treated 

with Turbo DNase (Invitrogen).  SuperScript IV (Invitrogen) was used to generate single-strand 

cDNA using random primer mix (NEB, Hitchin, UK). ARTIC V3 PCR amplicons from the single-

strand cDNA were generated following the Nanopore Protocol of PCR tiling of SARS-CoV-2 

virus (Version: PTC_9096_v109_revL_06Feb2020). The RT-PCR product was submitted for 

Illumina NEBNext Ultra II DNA Library preparation.  Following 4 cycles of amplification the 

library was purified using Ampure XP beads and quantified using Qubit and the size 

distribution assessed using the Fragment analyzer. Finally, the ARTIC library was sequenced 

on the Illumina® NovaSeq 6000 platform (Illumina®, San Diego, USA) following the standard 

workflow. The generated raw FastQ files (2 x 250 bp) were trimmed to remove Illumina 

adapter sequences using Cutadapt v1.2.1 26. The option “−O 3” was set, so the that 3’ end of 
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any reads which matched the adapter sequence with greater than 3 bp was trimmed off. The 

reads were further trimmed to remove low quality bases, using Sickle v1.200 27 with a 

minimum window quality score of 20. After trimming, reads shorter than 10 bp were removed.  

The LeTRS was also tested with a combined Nanopore cDNA ARTIC v3 amplicon dataset of 7 

published viral cell culture samples (barcode01-barcode07) 16, and a dataset from a published 

direct RNA Nanopore sequencing analysis Vero cells infected with SARS-CoV-2 or an 

uninfected negative control 2. 

 

Sequencing data alignment and basic filtering 

LeTRS controlled Hisat2 v2.1.0 28 to map the paired-end Illumina reads against the SARS-CoV-

2 reference genome (NC_045512.2) with the default setting, and Minimap2 v2.1 29 to align 

the Nanopore cDNA reads and direct RNA-seq reads on the viral genome using Minimap2 with 

“–ax splice” and “-ax splice -uf -k14” parameters, respectively. LeTRS provided 10 known 

leader-TRS junctions to improve alignment accuracy by using “--known-splicesite-infile” 

function in Hisat2 and “--junc-bed” function in Minimap2, but this application could be 

optionally switched off by users. In order to remove low mapping quality and mis-mapped 

reads before searching the leader-TRS junction sites, LeTRS used Samtools v1.9 30 to have 

basic filtering for the reads in the output Sam/Bam files according to their alignment states 

as shown (Table 9 - basic filtering). 

 

Search leader-TRS 

After the mapping and basic filtering step, LeTRS searched aligned reads spanning the leader-

TRS junctions in the SARS-CoV-2 reference genome (Supplementary Figure 1). For the known 

leader-TRS junctions, LeTRS searched the reads including the leader-TRS junctions within a 
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given interval around the known leader and TRS junctions sites. The leader break site interval 

is ±10 nts, and the TRS breaking sites interval is -20 nts to the 1 nt before the first known AUG 

in the default setting (the intervals can be changed to custom values to investigate 

heterogeneity). LeTRS then reported a peak count that was the number of reads carrying the 

most common leader-TRS junctions within the given leader and TRS breaking sites intervals, 

and a cluster count that was the number of all reads carrying leader-TRS junctions within the 

given leader and TRS breaking sites intervals (Tables 1-6). LeTRS also searched the junctions 

out of the given intervals (the genomic position of leader breaking site < 80) and reported the 

number of reads (>10 by default) with novel leader-TRS junctions. These number of read 

counts were also reported by number of reads in 1000000 as normalization. The read 

including the known and novel leader-TRS junctions could be optionally outputted in FastA 

format. Based on identified known and novel leader-TRS junctions, LeTRS could report 20 

nucleotides towards the 3’ end of the leader sequence, the TRS and translated the first orf of 

sgmRNAs sequence, and find the conserved ACGAAC sequences in the TRS (Table S1-S6). 

 

Advance filtering 

Based on the alignment possibilities illustrated in Figure 2 and discussed, LeTRS further filters 

the identified reads with known and novel leader-TRS junctions. This step is named as 

advance filtering and can only applied when the input data is from Illumina paired end reads, 

Nanopore cDNA reads or Nanopore RNA reads (Table 9). If a BAM file is used as input data, 

the advanced filtering step would be automatically skipped (Table 9). The number of reads 

including the known and novel leader-TRS junctions, and the number of reads filtered with 

corresponding advance filtering criteria were outputted into two tables in tab format (Tables 

1-6). 
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Leader-TRS junction plotting 

LeTRS-plot was developed as an automatic plotting tool that interfaces with the R package 

ggplot2 v3.3.3 to view the leader-TRS junctions in the tables generated by LeTRS (Figure 3-5). 

The plot shows peak count, filtered peak count, normalized peak count and normalized 

filtered peak count for known leader-TRS junctions, and novel junction counts, filtered novel 

junction count, normalized novel junction count and filtered normalized novel junction for 

novel leader-TRS junctions. 
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Table 1. The LeTRS output table for known sgmRNA in the tested Nanopore ARTIC v3 primers 

amplicon sequencing data. “ref_leader_end” and “peak_leader_end” point to the reference 

position of the end of leader and the position of the end of leader identified in the most 

common reads (peak count) on the reference genome, and “ref_TRS_start” and 

“peak_TRS_start” refer to the reference position of the start of TRS and the position of the 

start of TRS identified in the most common reads (peak count) on the reference genome. 

subgen

ome 

ref_leade

r_end 

peak_lead

er_end 

ref_TRS

_start 

peak_TRS

_start peak_count peak_normalized_count cluster_count cluster_normalized_count 

S 65 65 21552 21552 

980(963,343,337,0,

0) 

467.02(458.92,163.46,160.6

0,0.00,0.00) 

984(967,346,340,0,

0) 

468.93(460.83,164.89,162.0

3,0.00,0.00) 

ORF3a 69 69 25385 25385 76(70,51,46,0,0) 

36.22(33.36,24.30,21.92,0.0

0,0.00) 79(73,52,47,0,0) 

37.65(34.79,24.78,22.40,0.0

0,0.00) 

E 69 69 26237 26237 268(260,41,39,0,0) 

127.72(123.90,19.54,18.59,0

.00,0.00) 269(261,42,40,0,0) 

128.19(124.38,20.02,19.06,0

.00,0.00) 

M 65 65 26469 26469 

15933(15731,2084,

2058,0,0) 

7592.89(7496.63,993.13,980

.74,0.00,0.00) 

16358(16153,2151,

2122,0,0) 

7795.43(7697.73,1025.06,10

11.24,0.00,0.00) 

ORF6 69 69 27041 27041 

1359(1339,1334,13

15,0,0) 

647.63(638.10,635.72,626.6

6,0.00,0.00) 

1377(1357,1351,13

32,0,0) 

656.21(646.68,643.82,634.7

7,0.00,0.00) 

ORF7a 69 69 27388 27388 

991(960,758,733,0,

0) 

472.26(457.49,361.23,349.3

1,0.00,0.00) 

999(968,765,740,0,

0) 

476.07(461.30,364.56,352.6

5,0.00,0.00) 

ORF7b 65 69 27644 27755 31(31,31,31,0,0) 

14.77(14.77,14.77,14.77,0.0

0,0.00) 40(40,40,40,0,0) 

19.06(19.06,19.06,19.06,0.0

0,0.00) 

ORF8 65 65 27884 27884 19(14,5,3,0,0) 

9.05(6.67,2.38,1.43,0.00,0.0

0) 20(15,6,4,0,0) 

9.53(7.15,2.86,1.91,0.00,0.0

0) 

N 65 65 28256 28256 

15079(14916,14608

,14451,0,0) 

7185.92(7108.24,6961.46,68

86.64,0.00,0.00) 

15447(15277,14962

,14799,0,0) 

7361.29(7280.27,7130.16,70

52.48,0.00,0.00) 

ORF10 65 0 29530 0 0 0 0 0 

The numbers in the bracket are (reads with left primers, reads with right primers, reads with 

both primers, reads with > 1 poly A, reads with > 5 poly A). 

Normalized count=(Read count-Total number of read mapped on reference 

genome)*1000000. 

Total number of read mapped on reference genome is 2098410, excluding the mapped reads 

not primary alignment and supplementary alignment. 
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Table 2. The LeTRS output table for novel sgmRNA in the tested Nanopore ARTIC v3 primers 

amplicon sequencing data. “leader_end” and “TRS_start” refer to the position of the end of 

leader and the position of the start of TRS identified in the reads >10. 

subgenome leader_end TRS_start nb_count normalized_count 

1 74 21055 15(13,15,13,0,0) 7.15(6.20,7.15,6.20,0.00,0.00) 

2 52 28249 13(13,12,12,0,0) 6.20(6.20,5.72,5.72,0.00,0.00) 

The numbers in the bracket are (reads with left primers, reads with right primers, reads with 

both primers, same junction on paired reads with at least a primer). 

Normalized count=(Read count/Total number of read mapped on reference 

genome)*1000000. 

Total number of read mapped on reference genome is 2098410, excluding the mapped reads 

unpaired, not primary alignment and supplementary alignment. 
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Table 3. The LeTRS output table for known sgmRNA in the tested Nanopore direct RNA 

sequencing data. “ref_leader_end” and “peak_leader_end” point to the reference position 

of the end of leader and the position of the end of leader identified in the most common 

reads (peak count) on the reference genome, and “ref_TRS_start” and “peak_TRS_start” 

refer to the reference position of the start of TRS and the position of the start of TRS 

identified in the most common reads (peak count) on the reference genome. 

subgen

ome 

ref_leader

_end 

peak_leade

r_end 

ref_TRS_

start 

peak_TRS_

start 

peak_count peak_normalized_cou

nt 

cluster_count cluster_normalized_co

unt 

S 65 65 21552 21552 6788(6174,25

23) 

11792.99(10726.27,43

83.28) 

6804(6188,25

30) 

11820.79(10750.60,43

95.44) 

ORF3a 69 69 25385 25385 22067(20772,

8642) 

38337.65(36087.81,15

014.00) 

22877(21523,

8958) 

39744.89(37392.55,15

563.00) 

E 69 69 26237 26237 1628(1549,64

5) 

2828.37(2691.12,1120

.58) 

1650(1568,65

3) 

2866.59(2724.13,1134

.48) 

M 65 65 26469 26469 44139(41659,

17295) 

76683.99(72375.42,30

047.12) 

44694(42179,

17509) 

77648.21(73278.83,30

418.90) 

ORF6 69 69 27041 27041 6469(6155,24

12) 

11238.79(10693.26,41

90.44) 

6634(6312,24

74) 

11525.44(10966.02,42

98.15) 

ORF7a 69 69 27388 27388 36409(34564,

13697) 

63254.44(60049.06,23

796.20) 

36830(34956,

13872) 

63985.85(60730.10,24

100.24) 

ORF7b 65 69 27644 27755 271(258,100) 470.82(448.23,173.73) 510(485,194) 886.04(842.60,337.04) 

ORF8 65 65 27884 27884 7321(6976,27

55) 

12718.99(12119.61,47

86.34) 

7400(7047,27

81) 

12856.24(12242.96,48

31.51) 

N 65 65 28256 28256 84729(80939,

32275) 

147202.20(140617.72,

56072.31) 

85768(81918,

32650) 

149007.29(142318.57,

56723.81) 

ORF10 65 0 29530 0 0 0 0 0 

The numbers in the bracket are (reads with > 1 poly A, reads with > 5 poly A). 

Normalized count=(Read count/Total number of read mapped on reference 

genome)*1000000. 

Total number of read mapped on reference genome is 575596, excluding mapped reads on 

reverse strand, not primary alignment and supplementary alignment. 
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Table 4. The LeTRS output table for novel sgmRNA in the tested Nanopore direct RNA 

sequencing data. “leader_end” and “TRS_start” refer to the position of the end of leader and 

the position of the start of TRS identified in the reads >10. 

subgenome leader_end TRS_start nb_count normalized_count 

1 52 26469 40(36,13) 69.49(62.54,22.59) 

2 52 28249 99(90,36) 172.00(156.36,62.54) 

3 52 28256 138(127,50) 239.75(220.64,86.87) 

4 60 21045 16(16,6) 27.80(27.80,10.42) 

5 65 22273 17(16,5) 29.53(27.80,8.69) 

6 65 22488 12(11,5) 20.85(19.11,8.69) 

7 65 24777 24(23,11) 41.70(39.96,19.11) 

8 65 27479 51(48,18) 88.60(83.39,31.27) 

9 69 21053 17(14,6) 29.53(24.32,10.42) 

10 69 26292 14(14,4) 24.32(24.32,6.95) 

11 69 28284 14(14,7) 24.32(24.32,12.16) 

12 69 29112 21(21,6) 36.48(36.48,10.42) 

13 69 29152 11(11,4) 19.11(19.11,6.95) 

The numbers in the bracket are (reads with > 1 poly A, reads with > 5 poly A). 

Normalized count=(Read count/Total number of read mapped on reference 

genome)*1000000. 

Total number of read mapped on reference genome is 575596, excluding mapped reads on 

reverse strand, not primary alignment and supplementary alignment. 
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Table 5. The LeTRS output table for known sgmRNA in the negative control of the tested 

nanopore direct RNA sequencing data. “ref_leader_end” and “peak_leader_end” point to the 

reference position of the end of leader and the position of the end of leader identified in the 

most common reads (peak count) on the reference genome, and “ref_TRS_start” and 

“peak_TRS_start” refer to the reference position of the start of TRS and the position of the 

start of TRS identified in the most common reads (peak count) on the reference genome. 

  

subgen

ome 

ref_leade

r_end 

peak_lead

er_end 

ref_TRS_

start 

peak_TRS

_start 

peak_c

ount 

peak_normalize

d_count 

cluster_c

ount 

cluster_normaliz

ed_count 

S 65 0 21552 0 0 0 0 0 

ORF3a 69 0 25385 0 0 0 0 0 

E 69 0 26237 0 0 0 0 0 

M 65 0 26469 0 0 0 0 0 

ORF6 69 0 27041 0 0 0 0 0 

ORF7a 69 0 27388 0 0 0 0 0 

ORF7b 65 0 27644 0 0 0 0 0 

ORF8 65 0 27884 0 0 0 0 0 

N 65 0 28256 0 0 0 0 0 

ORF10 65 0 29530 0 0 0 0 0 

The numbers in the bracket are (reads with > 1 poly A, reads with > 5 poly A). 

Normalized count=(Read count/Total number of read mapped on reference 

genome)*1000000. 

Total number of read mapped on reference genome is 0, excluding mapped reads on reverse 

strand, not primary alignment and supplementary alignment. 
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Table 6. The LeTRS output table for novel sgmRNA in the negative control of the tested 

nanopore direct RNA sequencing data. “leader_end” and “TRS_start” refer to the position of 

the end of leader and the position of the start of TRS identified in the reads >10. 

subgenome leader_end TRS_start nb_count normalized_count 

The numbers in the bracket are (reads with > 1 poly A, reads with > 5 poly A). 

Normalized count=(Read count/Total number of read mapped on reference 

genome)*1000000. 

Total number of read mapped on reference genome is 0, excluding mapped reads on reverse 

strand, not primary alignment and supplementary alignment. 
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Table 7. The LeTRS output table for known sgmRNA in the tested Illumina ARTIC v3 primers 

amplicon sequencing data. “ref_leader_end” and “peak_leader_end” point to the reference 

position of the end of leader and the position of the end of leader identified in the most 

common reads (peak count) on the reference genome, and “ref_TRS_start” and 

“peak_TRS_start” refer to the reference position of the start of TRS and the position of the 

start of TRS identified in the most common reads (peak count) on the reference genome. 

subge

nome 

ref_lead

er_end 

peak_lea

der_end 

ref_TRS

_start 

peak_TR

S_start 

peak_count peak_normalized_co

unt 

cluster_count cluster_normalized_cou

nt 

S 65 65 21552 21552 22925(22785,1648

4,16368,17326) 

478.71(475.79,344.2

1,341.79,361.79) 

23312(23169,1670

9,16591,17418) 

486.79(483.80,348.91,3

46.45,363.71) 

ORF3

a 

69 69 25385 25385 5130(4784,0,0,78) 107.12(99.90,0.00,0.

00,1.63) 

5362(4995,0,0,82) 111.97(104.30,0.00,0.0

0,1.71) 

E 69 69 26237 26237 5135(5014,10,7,50) 107.23(104.70,0.21,0

.15,1.04) 

5139(5017,10,7,50) 107.31(104.76,0.21,0.1

5,1.04) 

M 65 64 26469 26468 12768(12177,1217

5,11599,8190) 

266.62(254.27,254.2

3,242.20,171.02) 

31312(30636,3002

6,29378,21180) 

653.84(639.73,626.99,6

13.46,442.27) 

ORF6 69 69 27041 27041 21201(20895,1909

4,18830,19104) 

442.71(436.32,398.7

1,393.20,398.92) 

21512(21206,1938

3,19119,19302) 

449.20(442.81,404.75,3

99.23,403.06) 

ORF7

a 

69 69 27388 27388 370(202,244,79,14

2) 

7.73(4.22,5.10,1.65,2

.97) 

372(204,246,81,14

4) 

7.77(4.26,5.14,1.69,3.0

1) 

ORF7

b 

65 69 27644 27674 8(8,8,8,6) 0.17(0.17,0.17,0.17,0

.13) 

12(12,12,12,10) 0.25(0.25,0.25,0.25,0.2

1) 

ORF8 65 65 27884 27884 678(675,0,0,4) 14.16(14.10,0.00,0.0

0,0.08) 

692(689,0,0,4) 14.45(14.39,0.00,0.00,0

.08) 

N 65 64 28256 28255 35983(35839,3556

8,35443,9840) 

751.38(748.37,742.7

1,740.10,205.47) 

73700(73334,7293

7,72597,19878) 

1538.97(1531.33,1523.

04,1515.94,415.08) 

ORF1

0 

65 0 29530 0 0 0 0 0 

The numbers in the bracket are (reads with left primers, reads with right primers, reads with 

both primers, reads with > 1 poly A, reads with > 5 poly A). Normalized count=(Read 

count/Total number of read mapped on reference genome)*1000000. Total number of read 

mapped on the reference genome is 47889224, excluding the mapped reads not primary 

alignment and supplementary alignment. 
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 Table 8. The LeTRS output table for novel sgmRNA in the tested Nanopore ARTIC v3 primers 

amplicon sequencing data. “leader_end” and “TRS_start” refer to the position of the end of 

leader and the position of the start of TRS identified in the reads >10. 

subgenome leader_end TRS_start nb_count normalized_count 

1 67 25800 121(118,117,114,116) 2.53(2.46,2.44,2.38,2.42) 

2 68 2689 13(13,13,13,12) 0.27(0.27,0.27,0.27,0.25) 

3 68 4580 144(143,107,107,118) 3.01(2.99,2.23,2.23,2.46) 

4 68 5789 56(56,54,54,52) 1.17(1.17,1.13,1.13,1.09) 

5 68 15777 536(511,0,0,4) 11.19(10.67,0.00,0.00,0.08) 

6 68 18051 14(14,0,0,0) 0.29(0.29,0.00,0.00,0.00) 

7 48 26443 151(151,149,149,146) 3.15(3.15,3.11,3.11,3.05) 

8 68 21926 14(14,0,0,0) 0.29(0.29,0.00,0.00,0.00) 

9 68 23020 14(14,1,1,4) 0.29(0.29,0.02,0.02,0.08) 

10 68 23365 38(38,36,36,36) 0.79(0.79,0.75,0.75,0.75) 

11 48 28184 11(11,0,0,0) 0.23(0.23,0.00,0.00,0.00) 

12 68 26290 17(17,0,0,0) 0.35(0.35,0.00,0.00,0.00) 

13 69 3816 12(12,0,0,0) 0.25(0.25,0.00,0.00,0.00) 

14 69 9713 31(31,0,0,0) 0.65(0.65,0.00,0.00,0.00) 

15 69 10640 14(14,4,4,6) 0.29(0.29,0.08,0.08,0.13) 

16 69 13619 41(41,36,36,36) 0.86(0.86,0.75,0.75,0.75) 

17 69 18554 123(123,108,108,114) 2.57(2.57,2.26,2.26,2.38) 

18 49 28266 21(20,21,20,20) 0.44(0.42,0.44,0.42,0.42) 

19 69 22559 104(103,0,0,2) 2.17(2.15,0.00,0.00,0.04) 

20 69 25164 155(153,140,138,148) 3.24(3.19,2.92,2.88,3.09) 

21 70 2794 42(42,40,40,40) 0.88(0.88,0.84,0.84,0.84) 

22 70 11779 172(171,155,154,164) 3.59(3.57,3.24,3.22,3.42) 

23 70 22231 139(139,137,137,136) 2.90(2.90,2.86,2.86,2.84) 
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24 70 22277 1241(1237,1227,1223,1218) 25.91(25.83,25.62,25.54,25.43) 

25 70 22502 19(18,0,0,0) 0.40(0.38,0.00,0.00,0.00) 

26 70 22945 31(29,0,0,2) 0.65(0.61,0.00,0.00,0.04) 

27 70 27761 11(11,6,6,6) 0.23(0.23,0.13,0.13,0.13) 

28 71 4592 47(47,36,36,40) 0.98(0.98,0.75,0.75,0.84) 

29 71 5594 41(40,0,0,0) 0.86(0.84,0.00,0.00,0.00) 

30 71 5708 61(5,56,0,0) 1.27(0.10,1.17,0.00,0.00) 

31 71 18943 84(83,0,0,2) 1.75(1.73,0.00,0.00,0.04) 

32 71 22727 35(32,33,30,30) 0.73(0.67,0.69,0.63,0.63) 

33 71 25069 11(11,0,0,0) 0.23(0.23,0.00,0.00,0.00) 

34 71 26401 14(14,14,14,14) 0.29(0.29,0.29,0.29,0.29) 

35 71 27762 55(55,34,34,34) 1.15(1.15,0.71,0.71,0.71) 

36 71 28286 24(24,24,24,24) 0.50(0.50,0.50,0.50,0.50) 

37 72 4019 36(36,28,28,32) 0.75(0.75,0.58,0.58,0.67) 

38 72 15808 13(13,0,0,0) 0.27(0.27,0.00,0.00,0.00) 

39 73 11839 73(73,58,58,62) 1.52(1.52,1.21,1.21,1.29) 

40 73 22285 173(173,172,172,172) 3.61(3.61,3.59,3.59,3.59) 

41 73 23028 57(57,0,0,2) 1.19(1.19,0.00,0.00,0.04) 

42 73 25856 24(24,24,24,24) 0.50(0.50,0.50,0.50,0.50) 

43 74 4321 40(29,5,0,4) 0.84(0.61,0.10,0.00,0.08) 

44 74 10132 30(28,28,28,28) 0.63(0.58,0.58,0.58,0.58) 

45 74 12974 116(116,96,96,102) 2.42(2.42,2.00,2.00,2.13) 

46 74 13555 16(16,16,16,16) 0.33(0.33,0.33,0.33,0.33) 

47 74 21058 767(759,759,751,744) 16.02(15.85,15.85,15.68,15.54) 

48 74 25858 29(29,28,28,28) 0.61(0.61,0.58,0.58,0.58) 

49 75 21566 14(14,11,11,10) 0.29(0.29,0.23,0.23,0.21) 

50 75 21572 24(24,18,18,20) 0.50(0.50,0.38,0.38,0.42) 
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51 75 21574 14(14,12,12,10) 0.29(0.29,0.25,0.25,0.21) 

52 75 21575 29(29,18,18,18) 0.61(0.61,0.38,0.38,0.38) 

53 75 21718 24(24,0,0,0) 0.50(0.50,0.00,0.00,0.00) 

54 75 25135 14(9,4,0,8) 0.29(0.19,0.08,0.00,0.17) 

55 75 26483 11(11,11,11,10) 0.23(0.23,0.23,0.23,0.21) 

56 75 26486 95(86,93,84,88) 1.98(1.80,1.94,1.75,1.84) 

57 75 26490 19(19,18,18,18) 0.40(0.40,0.38,0.38,0.38) 

58 75 26491 115(115,112,112,110) 2.40(2.40,2.34,2.34,2.30) 

59 75 26494 36(36,32,32,34) 0.75(0.75,0.67,0.67,0.71) 

60 76 28267 31(30,27,26,18) 0.65(0.63,0.56,0.54,0.38) 

61 77 25396 15(6,0,0,0) 0.31(0.13,0.00,0.00,0.00) 

62 77 26481 44(44,43,43,12) 0.92(0.92,0.90,0.90,0.25) 

63 78 21570 159(155,118,116,92) 3.32(3.24,2.46,2.42,1.92) 

64 78 21576 41(41,20,20,28) 0.86(0.86,0.42,0.42,0.58) 

65 55 26461 26(26,17,17,16) 0.54(0.54,0.35,0.35,0.33) 

66 58 23922 100(14,86,0,0) 2.09(0.29,1.80,0.00,0.00) 

67 60 4007 16(16,16,16,14) 0.33(0.33,0.33,0.33,0.29) 

68 46 26422 53(53,52,52,50) 1.11(1.11,1.09,1.09,1.04) 

69 63 698 35(16,0,0,2) 0.73(0.33,0.00,0.00,0.04) 

70 47 17898 39(39,39,39,38) 0.81(0.81,0.81,0.81,0.79) 

71 63 5785 144(142,142,140,140) 3.01(2.97,2.97,2.92,2.92) 

72 63 6243 11(11,0,0,0) 0.23(0.23,0.00,0.00,0.00) 

73 63 23142 23(19,0,0,0) 0.48(0.40,0.00,0.00,0.00) 

74 63 25001 19(4,1,0,0) 0.40(0.08,0.02,0.00,0.00) 

75 63 25672 11(10,0,0,0) 0.23(0.21,0.00,0.00,0.00) 

76 47 26421 65(65,64,64,62) 1.36(1.36,1.34,1.34,1.29) 

77 64 25795 19(8,19,8,18) 0.40(0.17,0.40,0.17,0.38) 
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78 65 7595 15(14,14,14,14) 0.31(0.29,0.29,0.29,0.29) 

79 65 8113 82(45,44,7,80) 1.71(0.94,0.92,0.15,1.67) 

80 65 10020 32(32,30,30,32) 0.67(0.67,0.63,0.63,0.67) 

81 65 11200 12(12,8,8,8) 0.25(0.25,0.17,0.17,0.17) 

82 65 11664 70(68,0,0,2) 1.46(1.42,0.00,0.00,0.04) 

83 66 22502 22(20,0,0,0) 0.46(0.42,0.00,0.00,0.00) 

84 67 3362 20(20,20,20,20) 0.42(0.42,0.42,0.42,0.42) 

85 67 4018 75(75,66,66,72) 1.57(1.57,1.38,1.38,1.50) 

86 67 21083 32(31,30,29,32) 0.67(0.65,0.63,0.61,0.67) 

 

The numbers in the bracket are (reads with left primers, reads with right primers, reads with 

both primers, reads with > 1 poly A, reads with > 5 poly A). 

Normalized count=(Read count/Total number of read mapped on reference 

genome)*1000000. 

Total number of read mapped on reference genome is 47889224, excluding the mapped reads 

not primary alignment and supplementary alignment. 
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Table 9. The criteria of basic and advanced filtering for four different types of input data for 

LeTRS. 

  

Output Filters 

Illumina 

paired-

end reads 

Nanopore 

cDNA 

reads 

Nanopore 

RNA reads 

Bam 

Basic 

filtering 

MAPQ > 10  ●   ●   ●   ●  

Read only one splicing junction   ●   ●   ●   ●  

Primary alignment only  ●   ●   ●   ●  

No supplementary alignment  ●   ●   ●   ●  

Read mapped in pair  ●     

No read reverse strand      ●    

Advance 

filtering 

Read aligment5' end includes 

forward primer 
 ●   ●    

Read aligment3' end includes 

reverse primer 
 ●   ●    

Read aligment5' end includes 

forward primer and 3' end includes 

reverse primer 

 ●   ●    

Paired read including at least one primer 

in each have same leader-TRS junction 

in alignments 

 ●   ●    

Read aligment3' with > 1ployA   ●   ●   

Read aligment3' with > 5ployA    ●   ●    
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Figure 1. (A) Illustration of reads derived from sgmRNAs mapped onto the SARS-CoV-2 

reference genome with a splicing method. Illustration of the possible type of reads mapped 

on the SARS-CoV-2 reference genome for the (B and C) paired end Illumina cDNA amplicon 

sequencing, where the lines with same colour implied paired reads, (D) Nanopore cDNA 

amplicon sequencing and (E) Nanopore direct RNA sequencing of SARS-CoV-2 genome. L and 

B in the boxes indicate the leader-TRS breaking sites on the leader side and TRS side, 

respectively. 
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Figure 2. Analysis of leader TRS-gene junctions of reads with at least one primer sequence at 

either end in sequencing data from cell culture from (A) VeroE6 cells infected with SARS-CoV-

2 (England/2/2020) and sequenced using an ARTIC Nanopore approach16 and (B) direct RNA 

sequencing of Cero CCL81 cells in culture infected with SARS-CoV-2 (National Culture 

Collection for Pathogens, Korea National Institute of Health, Korea)2. (C) Vero E6 cells were 

also infected with a near clinical isolate of known provenance and sequenced using the ARTIC 

Illumina approach. 
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Figure 3. Analysis of leader TRS-gene junction abundance of reads with at least one primer 

sequence at either end in longitudinal nasopharyngeal samples (daily indicated on the x-axis) 

taken from two non-human primate models of SARS-CoV-2 in groups. The normalised count 

(Read count/total number of reads mapped on the reference genome)*1,000,000) of the 

leader TRS-gene junction abundance is shown on the left-hand Y-axis with each unique 

junction colour coded. The right-hand Y axis is a measure of the total depth of coverage for 

SARS-CoV-2 in that sample. Note the two scales are different. SARS-CoV-2 was amplified using 

the ARTIC approach and sequenced by Illumina. The data is organised into groups of animals 

for the cynomolgus macaque groups 1 and 2 (A/E and B/F), and rhesus macaque groups 1 and 

2 (C/G and D/H). E, F, G and H zoom in to see the details of A, B, C and D for Day1 to Day9. 

The data correspond to Supplementary Table 9. 
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Figure 4. Plots of normalised peak counts (A) and peak counts (B) of leader-TRS gene junctions 

of reads with at least one primer sequences at either end derived from sequence data from 

15 human patients. These were sequenced with the ARTIC pipeline via Illumina. The data 

correspond to Supplementary Table 7. 
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Figure 5. Plots of normalised peak counts (A) and peak counts (B) of leader-TRS gene junctions 

of reads with at least one primer sequence at either end derived from sequence data from 15 

human patients. Some of these samples are longitudinal as indicated by the patient number 

and day post admission the sample was taken. These were sequenced with the ARTIC pipeline 

via Nanopore. The data are correspond to Supplementary Table 10. 
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Figure 6. (A). Diagram of novel leader-TRS junctions centred around the known gene orf but 

out of the search interval in the analysis of cell culture, non-human primate and human 

sequencing data. Many novel junctions map to the leader-TRS membrane gene junctions. (B). 

Venn diagram showing the overlap of novel leader-TRS gene junctions among cynomolgus 

and rhesus macaques, human patients, and infected Vero cells all sequenced with the ATRIC 

Illumina method (Supplementary Table 11).  
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Supplementary Figure 1. Bioinformatics pipeline for the identification of leader-TRS junctions 

in sequencing data from SARS-CoV-2 infected material with LeTRS. This can be rapidly adapted 

for other coronaviruses. LeTRS can work from Nanopore or Illumina amplicon data or more 

unbiased approaches such as metagenomic or Illumina sequencing by using a BAM file. 
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Supplementary Figure 2. Comparison of LeTRS to Periscope with the Illumina (left) and 

Nanopore (right) ARTIC amplicon sequencing test data sets by using the number of reads with 

at least one primer sequences at either end in LeTRS and the number of “High Quality” reads 

(the reads with both 32 nts leader sequences and known TRS-orf boundary) in Periscope. 
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Supplementary Figure 3. Raw (A and C) and normalised (B and D) expected (upper) and novel 

(lower) leader-TRS gene junctions count in the infecting SARS-CoV-2 inoculum source used 

for NHP study, sequenced by Illumina ARTIC method (Supplementary Table 8). 
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Supplementary Figure 4. Novel leader-TRS gene junctions identified for cynomolgus 

macaques (Supplementary Table 9). The number before “-Day” indicated the group of   

cynomolgus macaques. 
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Supplementary Figure 4. Novel leader-TRS gene junctions identified for rhesus macaques 

(Supplementary Table 9). The number before “-Day” indicated the group of cynomolgus 

macaques. 
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Supplementary Figure 5. Novel leader-TRS gene junctions identified in nasopharyngeal swabs 

from human patients sequenced using the ARTIC-Illumina approach (Supplementary Table 7). 
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Supplementary Figure 6. Novel leader-TRS gene junctions identified in nasopharyngeal 
swabs from human patients sequenced using the ARTIC-Nanopore approach 
(Supplementary Table 10). 
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Supplementary data 

Table S1. The LeTRS output table for details of known sgmRNA in the tested Nanopore ARTIC 

v3 primers amplicon sequencing data. “peak_leader” and “peak_TRS_start” point to the 

leader-TRS junctions in Table 1, “ACGAAC” indicates if there is a ACGAAC sequence in the 

“TRS_seq” (TRS sequences), “20_leader_seq” refers to the 20 nucleotides before the end of 

leader, and “AUG_postion” and “first_orf_aa” refer to the first AUG position and translated 

orf of the sgmRNA. 

 

Table S2. The LeTRS output table for details of novel sgmRNA in the tested Nanopore ARTIC 

v3 primers amplicon sequencing data. “peak_leader” and “peak_TRS_start” point to the 

leader-TRS junctions in Table 2, “ACGAAC” indicates if there is a ACGAAC sequences in the 

“TRS_seq” (TRS sequences), “20_leader_seq” refers to the 20 sequences before the end of 

the leader, “AUG_postion” and “first_orf_aa” refer to the first AUG position and translated 

orf of the sgmRNA, and “known_ATG” indicates if the first AUG position is the same as a 

known sgmRNA. 

 

Table S3. The LeTRS output table for details of known sgmRNA in the tested Nanopore direct 

RNA sequencing data. “peak_leader” and “peak_TRS_start” point to the leader-TRS junctions 

in Table 3, “ACGAAC” indicates if there is a ACGAAC sequence in the “TRS_seq” (TRS 

sequences), “20_leader_seq” refers to the 20 nucleotides before the end of leader, and 

“AUG_postion” and “first_orf_aa” refer to the first AUG position and translated orf of the 

sgmRNA. 
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Table S4. The LeTRS output table for details of novel sgmRNA in the tested nanopore direct 

RNA sequencing data. “peak_leader” and “peak_TRS_start” point to the leader-TRS junctions 

in Table 4, “ACGAAC” indicates if there is a ACGAAC sequences in the “TRS_seq” (TRS 

sequences), “20_leader_seq” refers to the 20 nucleotides before the end of leader, 

“AUG_postion” and “first_orf_aa” refer to the first AUG position and translated orf of the 

sgmRNA, and “known_AUG” indicates if the first AUG position is the same as a known 

sgmRNA. 

 

Table S5. The LeTRS output table for details of known sgmRNA in the tested Illumina ARTIC v3 

primers amplicon sequencing data. “peak_leader” and “peak_TRS_start” point to the leader-

TRS junctions in Table 7, “ACGAAC” indicates if there is a ACGAAC sequence in the “TRS_seq” 

(TRS sequences), “20_leader_seq” refers to the 20 nucleotides before the end of leader, and 

“ATG_postion” and “first_orf_aa” refer to the first AUG position and translated orf of the 

sgmRNA. 

 

Table S6. The LeTRS output table for details of novel sgmRNA in the tested Illumina ARTIC v3 

primers amplicon sequencing data. “peak_leader” and “peak_TRS_start” point to the leader-

TRS junctions in Table 8, “ACGAAC” indicates if there is a ACGAAC sequences in the “TRS_seq” 

(TRS sequences), “20_leader_seq” refers to the 20 nucleotides before the end of leader, 

“AUG_postion” and “first_orf_aa” refer to the first AUG position and translated orf of the 

sgmRNA, and “known_AUG” indicates if the first AUG position same as a known sgmRNA. 
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Table S7. Leader-TRS gene junctions of reads with at least one primer sequence derived from 

sequence data from 15 human patients sequenced with the ARTIC pipeline via Illumina. 

 

Table S8. Leader-TRS gene junction count in the infecting SARS-CoV-2 inoculum source used 

for the NHP study, sequenced by Illumina ARTIC method. 

 

Table S9. Analysis of leader TRS-gene junction, abundance of reads with at least one primer 

sequence at either end in longitudinal nasopharyngeal samples taken from two non-human 

primate models (cynomolgus and rhesus macaques) of SARS-CoV-2 in groups. SARS-CoV-2 

was amplified using the ARTIC approach and sequenced by Illumina. The data is organised 

into groups of animals for the cynomolgus macaque groups 1 and 2 that were with “-1” and 

“-2” in the excel sheets. 

 

Table S10. leader-TRS gene junctions of reads with at least one primer sequence derived from 

sequence data from 15 human patients sequenced with the ARTIC pipeline via Nanopore. 

 

Table S11. Novel leader-TRS junctions centred around the known gene open reading frame 

but out of the search interval in the analysis of cell culture, non-human primate and human 

sequencing data. 
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