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Abstract - Fundamental aspects of SARS-CoV-2 biology remain to be described, having the 20 

potential to provide insight to the response effort for this high-priority pathogen. Here we 21 

describe the first native RNA sequence of SARS-CoV-2, detailing the coronaviral 22 

transcriptome and epitranscriptome, and share these data publicly. A data-driven inference 23 

of viral genetic features and evolutionary rate is also made. The rapid sharing of sequence 24 

information throughout the SARS-CoV-2 pandemic represents an inflection point for public 25 

health and genomic epidemiology, providing early insights into the biology and evolution of 26 

this emerging pathogen.   27 

 28 

 29 

The pandemic of severe acute respiratory syndrome 2 (SARS-CoV-2), causing the disease 30 

COVID-19 and originating in Wuhan, China, has spread to more than 200 countries and 31 

territories, and has caused more than 1,000,000 cases globally [1-4]. SARS-CoV-2 is a 32 

positive-sense single-stranded RNA ((+)ssRNA) virus, belonging to the Coronaviridae family 33 

and betacoronavirus genus [5].  Related betacoronaviruses are capable of infection and 34 
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ongoing transmission in mammalian and avian hosts, resulting in illness in humans such as 35 

Middle East respiratory syndrome (MERS) and the original severe acute respiratory 36 

syndrome (SARS) as examples [6-7]. Based on the limited sampling of potential reservoir 37 

species, SARS-CoV-2 has been found to be most similar to bat betacoronaviruses on a 38 

genomic level, potentially indicating that bats are a natural reservoir [5,8]. 39 

 40 

The genome sequence of SARS-CoV-2 was rapidly determined and shared on January 5th 41 

of 2020, being 29,903 nucleotides in length, and annotated based on sequence similarity to 42 

other coronaviruses (GenBank: MN908947.3). As the emergence of SARS-CoV-2 has 43 

escalated, genomic analyses have played a key role in public health responses, including in 44 

the design of appropriate molecular diagnostics and supporting epidemiological efforts to 45 

track and contain the outbreak [9,10]. Taken together, publicly available sequence data 46 

suggest a recently occurring, point-source outbreak, as described in online sources [10-12].  47 

 48 

Aspects of the response assume that the biology of SARS-CoV-2 is comparable with 49 

previously characterised coronaviruses, including the annotation of genes and the estimation 50 

of molecular evolutionary rates [11-12]. It remains highly relevant to determine these 51 

features experimentally with SARS-CoV-2-specific data, potentially revealing other insights 52 

into the biology of this emergent pathogen. To address this, here we describe (i) the first 53 

native RNA sequence of SARS-CoV-2, detailing the coronaviral transcriptome and 54 

epitranscriptome, and (ii) estimates of coronaviral evolutionary rates and related timescales, 55 

based on data available at this stage of the outbreak. 56 

 57 

Characterised coronaviruses have some of the largest genomes among RNA viruses, and 58 

express their genetic content as a nested set of polyadenylated mRNA transcripts (Figure 1), 59 

with lengths corresponding to each encoded open reading frame (ORF). These include two 60 

large ORFs, ORF1a and ORF1ab, encoded by the complete viral genome and expressed 61 

upon cell entry. Other subgenomic mRNAs are generated through a mechanism termed 62 

discontinuous extension of minus strands, encoding structural proteins (spike protein (S), 63 

envelope protein (E), membrane protein (M) and nucleocapsid protein (N)) and accessory 64 

proteins (3a, 6, 7a, 7b, 8 and 10). The subgenomic mRNAs have a common 5′ leader 65 

sequence, near-identical to that located in the 5′-UTR of the viral genome; the transcription 66 

mechanism repositions the 5′ leader sequence upstream of ORFs, with each translation 67 

start site being located at the primary position for ribosome scanning. These ORFs, although 68 

annotated, are yet to be shown as expressed experimentally. Standard sequencing 69 
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technologies are unable to produce reads representing (i) complete RNA viral genomes or 70 

(ii) subgenomic mRNAs needed to verify annotated ORFs, as these methods generate short 71 

reads and have a reliance on amplification to generate complementary DNA (cDNA) 72 

sequences. 73 

 74 

To define the architecture of the coronaviral transcriptome, a recently established direct RNA 75 

sequencing approach was applied, using a highly parallel array of nanopores [16]. In brief, 76 

nucleic acids were prepared from cell culture material with high levels of SARS-CoV-2 77 

growth, this being expected to include examples of both genomic mRNA and transcripts 78 

corresponding to each ORF. These were sequenced with Oxford Nanopore Technologies, 79 

including poly(T) adaptors and an R9.4 flowcell on a GridION platform (Oxford Nanopore 80 

Technologies). Through this approach, the electronic current is measured as individual 81 

strands of RNA translocate through a nanopore, with derived signal-space data basecalled 82 

to infer the corresponding nucleobases. As a comparator, virion material of SARS-CoV-2 83 

was also prepared and sequenced through this approach, with complete viral genome 84 

sequences expected to predominate rather than subgenomic transcripts. 85 

 86 

The cellular-derived material was used to generate 680,347 reads, comprising 860Mb of 87 

sequence information (BioProject PRJNA608224). Aligning to the genome of the cultured 88 

SARS-CoV-2 isolate (MT007544.1), a subset of reads were attributed to coronavirus 89 

sequences (28.9%), comprising 367Mb of sequence distributed across the 29,893 base 90 

genome. Of these, a number had lengths >20,000 bases, capturing the majority of the 91 

SARS-CoV-2 genome on a single molecule. This direct RNA sequencing approach 92 

generated an average 12,230 fold coverage of the coronaviral genome, biased towards 93 

sequences proximal to the polyadenylated 3’ tail; coverage ranged from 34 fold to >160,000 94 

fold (Figure 1B), reflecting the higher abundance of subgenomic mRNAs carrying these 95 

sequences, as well as the directional sequencing from the polyadenylated 3’ tail. The virion 96 

material generated fewer reads, and included a calibration standard added during library 97 

preparation (430,923 reads, BioProject PRJNA608224). 98 

 99 

Many features of SARS-CoV-2 biology are captured in these direct RNA sequence data, 100 

including the transcriptome, as well as RNA base modifications or ‘epitranscriptome’. To 101 

define the transcriptome, the shared 5’ leader sequence was used as a marker to identify 102 

intact transcripts, these corresponding to subgenomic mRNAs and having a low abundance 103 

in the virion-derived data (Supplementary Figures 1 and 2). In SARS-CoV-2, we identify 104 
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eight major viral mRNAs in addition to the viral genome; each annotated gene was observed 105 

as a distinct subgenomic mRNA, outside of ORF7b and ORF10 (Figure 1C, Supplementary 106 

Table 1). In SARS, ORF7a and ORF7b are encoded on a shared subgenomic mRNA, with 107 

translation of ORF7b being achieved through ribosome leaky scanning, explaining the 108 

absence of a dedicated ORF7b-encoding subgenomic mRNA [17]. There is however no 109 

satisfactory explanation for the absence of an ORF10-encoding subgenomic mRNA.  110 

 111 

ORF10 is the last predicted coding sequence upstream of the poly-A sequence, and the 112 

shortest of the predicted coding sequences at 117 bases in length. ORF10 also has no 113 

annotated function, and the putative encoded peptide does not appear in SARS-CoV-2 114 

proteomes [18,19] or have a homolog in the SARS-CoV-1 proteome (Proteome ID: 115 

UP000000354 [20]). Subgenomic mRNAs corresponding to ORF10 are not identifiable in our 116 

reads (Supplementary Figure 3). These data suggest that the sequence currently annotated 117 

as ORF10 does not have a protein coding function in SARS-CoV-2. Ongoing molecular 118 

evolution at this locus should be considered in light of this finding. 119 

 120 

Instead of encoding a protein sequence, the locus annotated as ORF10 immediately 121 

upstream of the 3’ UTR may act itself or as a precursor of other RNAs in the regulation of 122 

gene expression, replication or modulating translation efficiency or cellular antiviral 123 

pathways; the 3’ UTR of coronaviruses contains domains critical for regulating viral RNA 124 

synthesis and other aspects of viral biology [21]. An initial region of the 3’ UTR appears 125 

essential for viral replication, and an area further 3’ includes the stem-loop II-like motif (s2m) 126 

a feature conserved in SARS-CoV-2 and other coronaviruses [22,23], the s2m having a 127 

proposed role in recruiting host translational machinery [24]. A small number of cell culture-128 

derived SARS-CoV-2 genomes carry a shared deletion at an area of the 3’ UTR including an 129 

aspect of the s2m (Supplementary Figure 4), this parallel molecular evolution further 130 

suggesting the region may have functional roles in vivo.  131 

 132 

An analysis of transcript breakpoints further illustrates the potential for 5’ UTR positions 133 

outside of the canonical leader sequence to enable transcript production, with low-frequency 134 

non-canonical variations in mRNA splice co-ordinates (Figure 2, Supplementary Figures 5 135 

and 6). Low frequency variants may be generated during the preparation of nucleic acids for 136 

sequencing, with the rate of chimeric read formation being unknown; this could be explored 137 

through analysis of in vitro transcribed RNA control material. 138 

 139 
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In addition to RNA modifications such as the methylation of the 5’ cap structure and 140 

polyadenylation of the 3’ terminus needed for efficient translation of coding sequences, other 141 

RNA modifications may have functional roles in SARS-CoV-2 [25]. A range of modifications 142 

are identifiable using direct RNA sequence data [16,25]; our available SARS-CoV-2 direct 143 

RNA sequence data providing adequate coverage to confidently call specific modifications.  144 

Through analysis of signal-space data, we identified 42 positions with predicted 5-145 

methylcytosine modifications, appearing at consistent positions between subgenomic 146 

mRNAs (Supplementary Figure 7, and Supplementary Table 2). In other positive ssRNA 147 

viruses, RNA methylation can change dynamically during the course of infection [26], 148 

influencing host-pathogen interaction and viral replication. Other modifications may become 149 

apparent once training datasets are available for direct RNA sequence data, with little known 150 

of the epitranscriptomic landscape of coronaviruses [25,27]. 151 

 152 

As well as investigating the above assumed features of SARS-CoV-2 genetics, sequence 153 

data also enable an estimate of the molecular evolutionary rate, with globally sourced 154 

genome sequences being shared and publicly available. Evolutionary rate estimates from 155 

other coronaviruses such as Middle East Respiratory Syndrome (MERS) are not necessarily 156 

applicable here, particularly because MERS had multiple independent introductions into 157 

humans [28-30]. To estimate the evolutionary rate and time of origin of the SARS-CoV-2 158 

outbreak, we carried out Bayesian phylogenetic analyses using a curated set of 122 high 159 

quality publicly available SARS-CoV-2 genome sequences, each having a known collection 160 

date (Figure 3, Supplementary Table 3). The sampling times were sufficient to calibrate a 161 

molecular clock and infer the evolutionary rate and timescale of the outbreak using a 162 

Bayesian approach; the evolutionary rate of SARS-CoV-2 was estimated to be 1.20 × 10-3 163 

substitutions/site/year (95% HPD 8.91×10-4 - 1.52×10-3), and the of time of origin to be late 164 

November 2019 (95% HPD August 2019, December 2019), which is in agreement with 165 

epidemiological evidence and other recent analyses (Figure 3A) [1-4, 31, 32].  166 

 167 

A further set of 66 high quality genomes collected earlier in the outbreak (Supplementary 168 

Table 4), and maximal diversity data set from all data available in GISAID to March 28th to 169 

show the utility of capturing varying degrees of genetic diversity (Supplementary Table 5). 170 

This Bayesian approach demonstrated improved precision in estimates of evolutionary rates 171 

using our dataset with highest genetic diversity. This may be explained by the stochastic 172 

variation typical in data from early in an outbreak having a smaller impact as the virus 173 

accumulates genetic variation. These results are also supported by root-to-tip regression, a 174 
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visual assessment of the degree of clocklike evolution in the data (Supplementary Figures 8 175 

and 9). The evolutionary rate generated the high diversity set of 100 genomes was 1.56 × 176 

10-3 substitutions/site/year (95% HPD 1.09×10-3 - 2.05×10-3), whereas that based on 66 177 

genomes was 1.16 × 10-3 substitutions/site/year (95% HPD 6.32×10-4 - 1.69×10-3). Our 178 

estimate of the evolutionary rate of SARS-CoV-2 is in line with those of other coronaviruses 179 

(Figure 3B), and the low genomic diversity and recent timescale of the outbreak support a 180 

recently occurring, point-source transfer to humans. 181 

 182 

Other phylodynamic inferences may soon become possible for SARS-CoV-2, as further 183 

genomic data becomes available and the sampling rate becomes more consistent. The 184 

current distribution of sampling times (Supplementary Figure 8) appears to be prohibitive to 185 

phylodynamic inference of the SARS-CoV-2 effective population size (Ne, not included here). 186 

Although a required threshold of genomes to allow such phylodynamic investigation may 187 

have been crossed, the temporal spread of these isolates may differ too much to satisfy 188 

constant sampling assumptions underlying many phylodynamic skyline approaches inferring 189 

Ne over time. Again, as sampling continues a more consistent rate of sampling is likely to 190 

emerge, allowing such analyses. 191 

 192 

Insights are provided on the molecular biology of SARS-CoV-2, revealed through the use of 193 

direct RNA sequence and publicly available data. The rapid sharing of these and other 194 

genetic data support the global response effort and represents an inflection point for 195 

communicable diseases and genomic epidemiology, with complete data shared openly and 196 

rapidly between academic and public health groups.   197 
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 198 

199 
Figure 1. SARS-CoV-2 genetics and transcriptome architecture.  200 

A) Schematic of the early stages of SARS-CoV-2 cell entry and transcript production, 201 

including in vivo synthesis of positive sense genome-length RNA molecules and subgenomic 202 

mRNAs. B) Read coverage of direct RNA reads from cell-culture material, aligned to the 203 

local SARS-CoV-2 genome (29,893 bases), showing a bias towards the 3’ polyadenylated 204 

end. C) Read length histogram, showing subgenomic mRNAs attributed to coding 205 

sequences. 206 
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 207 
Figure 2. Breakpoint analysis of the SARS-CoV-2 transcriptome.  208 

Direct RNA reads carrying a breakpoint relative to the 5’ leader sequence are shown, 209 

representing potentially viable transcripts. These breakpoints are localised at the same 210 

position on the leader sequence (positions 62-68), and on the 3’ to predicted transcription 211 

regulating sequences in the body of the genome (TRS-Bs, highlighted by vertical weight 212 

lines), generating common subgenomic mRNAs. Of note, many low frequency breakpoints 213 

are detected, although few near the sequence currently annotated as ORF10. The key 214 

shows the distribution of transcript breakpoints. Colour is matched to a ‘value’ measuring the 215 

number of reads with break points at that position, log10-scaled. The histogram component 216 

illustrates the number of transcripts with a given abundance value. 217 
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  218 
Figure 3. Assessment of viral evolutionary rate and outbreak timing with SARS-CoV-2-219 

specific data. A) A timed highest clade-credibility phylogenetic tree of curated SARS-CoV-2 220 

genomes as inferred in BEAST. B) Comparison of SARS-CoV-2 rate estimates with varying 221 

datasets, and previously published estimates of other coronaviruses. 222 
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 381 
Supplementary Figure 1 382 

Native RNA sequence coverage of the SARS-CoV-2 genome for cell-culture and virion-383 

derived material. A) Coverage of the SARS-CoV-2 genome for the cell-culture dataset, for all 384 

reads and for those predicted to be intact mRNA transcripts or ‘leader reads’, showing an 385 

abundance of such transcripts. B) Coverage of the SARS-CoV-2 genome for the virion-386 

derived dataset, showing a relative paucity of intact mRNA transcripts. 387 
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    388 
Supplementary Figure 2 389 

Distribution of native RNA reads between intact transcripts (‘leader reads’) and other partial 390 

transcripts and genomic sequences. Intact transcripts include the leader sequence at the 5’ 391 

and a polyadenylated 3’ end (A and E, for cell-culture material and virion material 392 

respectively), while other partial transcripts or genomes either contain a leader sequence 393 

and lack an appropriate 3’ sequence (B and F), vice versa (C and D), or lack both a leader 394 

sequence and an expected 3’ end. 395 

 396 
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 397 
Supplementary Figure 3 398 

Absence of observed coding potential for ORF10 in SARS-CoV-2. A) Read length 399 

histogram, showing subgenomic mRNAs attributed to coding sequences, with the area 400 

highlighted shown in detail in a second panel. B) Read length histogram, showing read 401 

counts of lengths corresponding to those of the ORF10 subgenomic mRNA (~360 bases), if 402 

present in the dataset. Of the <500 base reads shown, none align to ORF10. 403 
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 404 
Supplementary Figure 4 405 

Structured RNAs in the SARS-CoV-2 3’ UTR. A) An alignment of SARS-CoV-2 3’ UTR 406 

sequences, including the original Wuhan-Hu-1 sourced from Wuhan, China and considered 407 

the reference genome for the outbreak, and two examples of cultured SARS-CoV-2 isolates 408 

exhibiting deletions in a shared 3’ UTR region predicted to form a pseudoknot structure. B) 409 

Predicted pseudoknot structure of the SARS-CoV-2 3’UTR affected by the above culture-410 

derived deletions. 411 
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 412 
Supplementary Figure 5 413 

Extended breakpoint analysis of the SARS-CoV-2 transcriptome. The genome coordinates 414 

3’ of the breakpoint are extended to include potential 3’ sequences positioned between 1-415 

10,001 of the genome. This highlights low frequency breakpoints, increasing in frequency 416 

near the sequence annotated as ORF10 and the 3’ end of the genome. The key shows the 417 

distribution of transcript breakpoints. Colour is matched to a ‘value’ measuring the number of 418 

reads with break points at that position, log10-scaled. The histogram component illustrates 419 

the number of transcripts with a given abundance value. 420 
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 421 
Supplementary Figure 6 422 

ORF-specific breakpoint analyses. The corresponding breakpoints for each currently 423 

annotated ORF in the SARS-CoV-2 genome are shown (A-I), highlighting a canonical 424 

breakpoint for ORFs with a corresponding subgenome mRNA, and a low frequency of non-425 

canonical splice sites often centred on a canonical site. Of note, low frequency splice sites 426 

can be seen for an area between ORF 7a and ORF8, likely corresponding to ORF7b (G). 427 

There is an absence of splice sites for ORF in this dataset (I). The key shows the distribution 428 

of transcript breakpoints. Colour is matched to a ‘value’ measuring the number of reads with 429 

break points at that position, log10-scaled. The histogram component illustrates the number 430 

of transcripts with a given abundance value. 431 
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 432 
Supplementary Figure 7 433 

Subgenomic mRNA abundance and predicted sites of modification. A) Coverage of relevant 434 

coding sequences achieved by alignment of subgenomic mRNAs to the SARS-CoV-2 435 

genome (log scale). Red lines indicate the first base of each coding sequence from ORF2-436 

10. B) Schematic of relevant annotated coding sequences. C) Position of predicted m5C 437 

positions in subgenomic mRNAs. Dark blue lines indicate positions predicted to have >90% 438 

base modification; light blue lines indicate positions predicted to have between 50% and 439 

90% base modification. 440 

 441 
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 442 
Supplementary Figure 8 443 

Assessment of SARS-CoV-2 phylogenetics and viral evolutionary rate based on 66 early 444 

genomes made publicly available. A) A timed highest clade-credibility phylogenetic tree of 445 

curated SARS-CoV-2 66 genomes as inferred in BEAST. B) Comparison of the SARS-CoV-446 

2 rate estimate for the n=66 set and previously published estimates of other coronaviruses. 447 
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  448 
Supplementary Figure 9 449 

Time-to-most-common-recent-ancestor (TMRCA)and root-to-tip regression of both early and 450 

maximally diverse SARS-CoV-2 genome datasets. A) TMRCA and root-to-tip regression of 451 

122 high quality complete SARS-CoV-2 genomes made available early in the pandemic.    452 

B) TMRCA and root-to-tip regression of 100 maximally diverse SARS-CoV-2 genomes, 453 

selected from the first 700 genomes made publicly available. 454 
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  455 
Supplementary Figure 10 456 

Distribution of SARS-CoV-2 sampling times used to generate publicly available genomes. 457 

The distribution has notable deviations from an expected exponential growth in the number 458 

of genomes available, such as in mid-February, with constant sampling being an underlying 459 

assumption for many phylodynamic skyline approaches inferring effective population size.  460 
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Methods 461 

Samples for direct RNA sequencing 462 

The SARS-CoV-2 material was prepared from the first Australian case of COVID-2019 463 

(Australia/VIC01/2020), maintained in cell culture. In brief, African green monkey kidney 464 

cells expressing the human signalling lymphocytic activation molecule (SLAM; termed 465 

Vero/hSLAM cells accordingly) with associated SARS-CoV-2 infection were grown at 37°C 466 

at 5% CO2 in media consisting of 10 mL Earle’s minimum essential medium, 7% FBS 467 

(Bovogen Biologicals, Keilor East, Aus), 2 mM L-Glutamine, 1 mM Sodium pyruvate, 1500 468 

mg/L sodium bicarbonate, 15 mM HEPES and 0.4 mg/ml geneticin in 25cm2 flasks. This 469 

isolate is to the best of our knowledge typical for SARS-CoV-2 isolates, with the genome of 470 

the cultured isolate (MT007544.1) having three single nucleotide variants (T19065C, 471 

T22303G, G26144T) relative to the SARS-CoV-2 Wuhan-Hu-1 reference genome 472 

(MN908947.3), and a 10 base deletion in the 3’ UTR. Both the T22303G and 3’ UTR 473 

variants have been confirmed as culture-derived through Sanger sequencing of clinical and 474 

culture material, and do not appear in the earlier virion-derived data.  475 

 476 

Nucleic acids were prepared from clarified cell-free supernatant (reflecting virion material) 477 

and infected cell culture material (representing actively transcribed and translated viral 478 

material), following inactivation with linear acrylamide and ethanol. RNA was extracted from 479 

100µl of supernatant and a modest pellet for the cell-culture material (~200mg) respectively, 480 

using manually prepared wide-bore pipette tips and minimal steps to maintain RNA length 481 

for long read sequencing, and a QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany).  482 

Carrier RNA was not added to Buffer AVL, with 1% linear acrylamide (Life Technologies, 483 

Carlsbad, CA, USA) added instead.  Wash buffer AW1 was omitted from the purification 484 

stage, with RNA eluted in 50 μl of nuclease free water, followed by DNase treatment with 485 

Turbo DNase (Thermo Fisher Scientific, Waltham, MA, USA) 37°C for 30 min.  RNA was 486 

cleaned and concentrated to 10 μl using the RNA Clean & Concentrator-5 kit (Zymo 487 

Research, Irvine, CA, USA), as per manufacturer’s instructions. 488 

 489 

Nanopore sequencing of direct RNA 490 

Prepared RNA (~1µg) was carried into a direct RNA sequence library preparation with the 491 

Oxford Nanopore DRS protocol (SQK- RNA002, Oxford Nanopore Technologies) following 492 

the manufacturer’s specifications, with addition of the control RNA in the virion sample. 493 

Libraries were loaded on R9.4 flow cells and sequenced on a GridION device for the cell-494 

derived material and a MinION device for the virion-derived material (Oxford Nanopore 495 
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Technologies), and sequenced for 40 hours. Signal-space data was used to generate 496 

nucleobase sequences (‘basecalled’) using Guppy, either as a standalone program or as 497 

ont-guppy-for-gridion 3.0.6. Both signal-space and basecalled read data are available at 498 

BioProject PRJNA608224. It should be noted that non-polyadenylated RNAs are not 499 

expected to be detected with this approach. 500 

 501 

Characterisation of SARS-CoV-2 transcriptome architecture  502 

Direct RNA reads passing the above given quality thresholds were aligned to the genome of 503 

the cultured Australian SARS-COV-2 isolate (MT007544.1), with parallel and concordant 504 

analyses in Geneious Prime (2019.2.1, [M1]) and minimap2 v 2.11 using the “spliced” preset 505 

[M2]. Coverage statistics were determined from the resulting read alignments. To identify 506 

complete subgenomic mRNAs, reads were aligned to a 62 base SARS-COV-2 leader 507 

sequence (5’ACCUUCCCAGGUAACAAACCAACCAACUUUCGAUCUCUUGUAGAU 508 

CUGUUCUCUAAACGAAC), with reads aligning to the leader sequence being pooled and 509 

visualized in a length histogram. Significant peaks were identified visually and confirmed 510 

with a smoothed z-score algorithm. Reads captured in this binning-by-length strategy were 511 

re-aligned to the reference genome using the above methods and visualized in Tablet [M3]. 512 

Subgenome bins were refined to remove reads which did not originate at the 3’ poly-A tail as 513 

expected for intact subgenomic mRNAs, or which had leader sequences at least 10bp 514 

longer than expected. Subgenome bins were re-aligned, with coverage calculated in 515 

SAMtools [M4], and plotted using ggplot2 [M5] in R [M6]. Breakpoints in mRNAs were 516 

determined with CIGAR string manipulation; any given spliced region longer than 100bp 517 

(represented by Ns in the CIGAR string after aligning with minimap2) was regarded as a 518 

spliced transcript and the 5’ and 3’ genome co-ordinates of the breakpoint were recorded for 519 

analysis. The IPKnot webserver [M7] was used to predict the RNA secondary structures, 520 

and the VARNA visualization applet [M8] to produce schematics.  521 

 522 

As an alternate method of defining the SARS-CoV-2 transcriptome, reads carrying a 523 

breakpoint relative to the 5’ leader sequence are shown, representing potentially viable 524 

transcripts. This was determined through CIGAR string manipulation. Any spliced region 525 

longer than 100bp (represented by Ns in the CIGAR string after aligning with minimap2) was 526 

regarded as a spliced transcript and the 5’ and 3’ genome co-ordinates of the breakpoint 527 

were recorded for analysis. Locations of Transcription Regulating Sequence in the body of 528 

the genome (TRS-B) were determined with a Position Weight Matrix (PWM) search. Portions 529 

of reads aligning to the conserved TRS in the leader sequence (TRS-L) were transformed 530 
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into a count matrix, which was then passed into the FIMO program version 5.5.1 for motif 531 

detection with NRDB as the background distribution [M9]. Detected TRS-B sites are plotted 532 

alongside breakpoint heatmaps. 533 

 534 

Data availability 535 

All signal-space (fast5) and basecalled data (fastq) generated in this work are publicly 536 

available on the sequence read archive (SRA), as part of the BioProject PRJNA608224 (See 537 

Supplementary Table 6 for relevant accession numbers). 538 

 539 

Identification of 5mC methylation 540 

Nanopore sequencing preserves in vivo base modifications and enables their detection from 541 

raw voltage signal information. In brief, the signal-space fast5 files corresponding to 542 

identified subgenomic mRNAs were assessed to identify signal changes corresponding to 543 

5mC methylation. These were first retrieved using the fast5_fetcher_multi function in 544 

SquiggleKit [M10]. Reads were processed to align raw signal with basecalled sequence data 545 

using Tombo v1.5 [https://github.com/nanoporetech/tombo]. Canonical reference sequences 546 

were made for each subgenomic mRNAs, with the binned fast5 files input into the 547 

detect_modifications function, with 5mC as the alternate-model parameter. Outputs were 548 

converted to dampened_fraction wiggle files and exported for visualization and analysis. 549 

 550 

Assessment of publicly available proteomes 551 

Proteomic datasets were downloaded from the PRIDE proteomic database [M11] (Pride 552 

accession: PXD017710) and processes using Maxquant (1.6.3.4 [M12]) allowing semi-553 

specific free-N-terminus tryptic as a protease specificity. Quantitation was set to TMT11 plex 554 

labelling and human proteome (Uniprot: UP000005640) and SARS-CoV2 (build in house) 555 

databases were used. Additional searches were made of the SARS-CoV reference 556 

proteome (Proteome ID: UP000000354), and recently available SARS-CoV-2 proteomic 557 

data [19]. 558 

 559 

SARS-CoV-2 Phylogenetics 560 

In order to estimate the evolutionary rate and time of origin of SARS-CoV-2, we carried out 561 

phylogenetic analyses in BEAST v1.101 [M13 on three datasets. The first dataset included 562 

66 high quality genomes available up to February 10th 2020, the second consisted of 122 563 

available up to February 24th 2020, both from GISAID and GenBank (Supplementary Table 564 

3). A third maximal diversity dataset (n=100) was included to demonstrate the utility of 565 
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capturing varying degrees of genetic diversity, these genomes being selected from the first 566 

700 genomes available on GISAID and maximised phylogenetic diversity achieved using 567 

Treemer [M14] (Supplementary Table 4). Temporal signal was assessed using BETS [M15]. 568 

Initially we determined whether the evolutionary signal and time over which the genome data 569 

were collected was sufficient to calibrate the molecular clock, allowing for the evolutionary 570 

rate and timescale of the outbreak to be inferred. The model selection approach from BETS 571 

supported a strict molecular clock model with genome sampling times for calibration and a 572 

coalescent exponential tree prior, which posits that the number of infected individuals grows 573 

exponentially over time. We used the HKY+Γ substitution model, and set the following priors 574 

for key parameters:  575 

• A continuous time Markov chain for the evolutionary rate  576 

• A Laplace distribution with mean of 0 and scale of 100 for the growth rate  577 

• An exponential distribution with mean of 1 for the effective population size.  578 

A Markov chain Monte Carlo of length 107 was set, sampling every 103 steps, and assessed 579 

sufficient sampling by verifying that the effective sample size for all parameters was at least 580 

200 as determined in Tracer [M16], automatically discarding 10% of the burn in. We 581 

summarised the posterior distribution of phylogenetic trees by selecting the highest clade 582 

credibility tree alongside calculating posterior node probabilities and the distribution of node 583 

ages. Comparison to other coronaviral evolutionary rates included studies [M17-24]. 584 

 585 

A root-to-tip regression usually produces lower evolutionary rate estimates than explicit 586 

phylogenetic methods [M25], although is commonly used to inspect temporal signal in the 587 

data. In our analyses, the data set that maximised phylogenetic diversity had a higher R2 588 

than that with 122 samples collected earlier, and an evolutionary rate that was more similar 589 

to that obtained in BEAST. Although, both data sets had temporal signal according to BETS, 590 

the root-to-tip regressions demonstrate that including more genetic diversity can produce 591 

improved estimates, probably because stochastic variation has a stronger impact in smaller 592 

data sets that are collected early in the outbreak. 593 
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