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Summary 16 

Varicella-zoster virus (VZV), a double-stranded DNA virus, causes varicella, establishes 17 

lifelong latency in ganglionic neurons, and reactivates later in life to cause herpes zoster, 18 

commonly associated with chronic pain. The VZV genome is densely packed and produces 19 

multitudes of overlapping transcripts deriving from both strands. While 71 distinct open 20 

reading frames (ORFs) have thus far been experimentally defined, the full coding potential of 21 

VZV remains unknown. Here, we integrated multiple short-read RNA sequencing 22 

approaches with long-read direct RNA sequencing on RNA isolated from VZV-infected cells 23 

to provide a comprehensive reannotation of the lytic VZV transcriptome architecture. 24 

Through precise mapping of transcription start sites, splice junctions, and polyadenylation 25 

sites, we identified 136 distinct polyadenylated VZV RNAs that encode canonical ORFs, 26 

non-canonical ORFs, and ORF fusions, as well as putative non-coding RNAs (ncRNAs). 27 

Furthermore, we determined the kinetic class of all VZV transcripts and observed, 28 

unexpectedly, that transcripts encoding the ORF62 protein, previously designated as 29 

immediate-early, were expressed with late kinetics. Our work showcases the complexity of 30 

the VZV transcriptome and provides a comprehensive resource that will facilitate future 31 

functional studies of coding RNAs, ncRNAs, and the biological mechanisms underlying the 32 

regulation of viral transcription and translation during lytic VZV infection. 33 

  34 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2020. ; https://doi.org/10.1101/2020.05.25.110965doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.25.110965
http://creativecommons.org/licenses/by-nd/4.0/


3 

 

Introduction 35 

 36 

Varicella-zoster virus (VZV) is a ubiquitous human alphaherpesvirus and causative agent of 37 

both varicella (chickenpox) and herpes zoster (HZ or shingles) (Gershon et al., 2015). 38 

Varicella results from primary VZV infection and leads to the establishment of a lifelong 39 

latent infection in sensory neurons of the trigeminal and dorsal root ganglia (Depledge et al., 40 

2018a; Gilden et al., 1983). In one-third of infected individuals, VZV reactivates from latency 41 

later in life to cause HZ (Gershon et al., 2015). Whereas varicella is generally experienced 42 

as a benign childhood disease, HZ is frequently associated with difficult-to-treat chronic pain 43 

(post-herpetic neuralgia) (Gilden et al., 2000; Johnson and Rice, 2014). Despite the recent 44 

availability of the highly effective HZ subunit vaccine (Shingrix), the health and societal 45 

burden of HZ and its complications remains high due to adverse side effects, the high cost of 46 

the vaccines, and changing demographics (Gater et al., 2015). 47 

The 125 kb double-stranded DNA (dsDNA) genome of VZV, first sequenced in 1986, 48 

encodes at least 71 unique open-reading frames (ORFs) that are expressed during lytic 49 

infection (Cohen, 2010; Davison and Scott, 1986). The current annotation of the VZV 50 

genome largely relies on both in silico ORF predictions and homologous ORFs in the closely 51 

related  human alphaherpesvirus herpes simplex virus type 1 (HSV-1) (Cohen, 2010). For 52 

most VZV ORFs, the boundaries of transcription are not accurately determined meaning that 53 

transcription start sites and polyadenylation sites are poorly resolved. Moreover, in silico 54 

ORF prediction does not account for the possibility of spliced transcripts. Indeed, we recently 55 

applied ultra-deep short-read RNA-sequencing to define the latent viral transcriptome and 56 

discovered the spliced VZV latency-associated transcript (VLT) (Depledge et al., 2018b). 57 

The compact nature of viral genomes, combined with their ability to encode 58 

overlapping RNAs, presents a significant challenge to studies that rely on interrogating 59 

genome sequences or that use viral mutants to probe the function(s) of viral proteins. Here, 60 
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a single point mutation or frameshift may impact multiple distinct RNAs at the same time, a 61 

factor that may be further confounded by inaccurate or missing transcript annotations. The 62 

re-annotation of the human cytomegalovirus (HCMV) transcriptional and translational 63 

landscape and subsequent refinements of HSV-1, Kaposi’s sarcoma-associated herpesvirus 64 

(KSHV), and human herpesvirus 6 (HHV6) transcriptome architectures have all 65 

demonstrated that herpesviruses exhibit a complex transcriptional pattern of alternative 66 

splicing, opposing transcription, read-through transcription, fusion transcripts, 5’ untranslated 67 

region (5’ UTR) and 3’ UTR variations and previously unidentified non-coding RNAs (Arias et 68 

al., 2014; Bencun et al., 2018; Depledge et al., 2019; Finkel et al., 2020; O’Grady et al., 69 

2016, 2019; Stern-Ginossar et al., 2012; Whisnant et al., 2019). Indeed, recent cDNA-based 70 

long-read sequencing also indicated that the lytic VZV transcriptome is substantially more 71 

complex than previously recognized (Prazsák et al., 2018). 72 

By analogy to other herpesviruses and limited experimental data (Lenac Rovis et al., 73 

2013; Reichelt et al., 2009), VZV transcripts and their encoded proteins have been divided 74 

into three kinetic classes: immediate-early (IE), early (E) and late (L). Expression of E and L 75 

transcripts is considered dependent on viral proteins of the preceding kinetic classes, while 76 

expression of IE transcripts occurs in the absence of viral protein synthesis (Honess and 77 

Roizman, 1974). Prior studies have defined four VZV proteins encoded by ORF4, ORF61, 78 

ORF62, and ORF63 as being transcriptional regulators that initiate lytic transcript expression 79 

(Defechereux et al., 1993; Kost et al., 1995; Moriuchi et al., 1993, 1994; Perera et al., 1993), 80 

whose corresponding transcripts have been classified as IE by analogy to their HSV-1 81 

orthologues. L transcripts, such as VLTly, the lytic isoform of VLT, are either expressed at 82 

very low levels prior to or exclusively after viral DNA replication has commenced (Depledge 83 

et al., 2018b). However, the species specificity and highly cell-associated nature of VZV in 84 

vitro have hampered detailed analysis of VZV transcription. Improved protocols to obtain 85 

cell-free VZV and mass-spectrometry have provided some insight into the temporal pattern 86 
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of viral protein expression (Ouwendijk et al., 2020), but lack sensitivity compared to RNA-87 

sequencing and do not provide information on viral transcription.  88 

To address this, we have decoded the architecture of the lytic VZV transcriptome in 89 

both human epithelial cells and neurons while contrasting discrete VZV strains. We 90 

subsequently established the kinetic class of all lytic viral transcripts and integrated these 91 

results to provide a comprehensive overview of the complexity and structure of the lytic VZV 92 

transcriptome as a rich resource that will enhance future functional studies of VZV biology.   93 

 94 

Results 95 

 96 

Decoding the complexity of lytic VZV gene expression 97 

Standard methods for annotating viral transcriptomes require the integration of multiple types 98 

of Illumina RNA sequencing (RNA-Seq) data to identify transcription start sites (TSS), 99 

cleavage and polyadenylation sites (CPAS), splice sites, and transcript structures. The latter 100 

is particularly challenging to infer using conventional short-read sequencing approaches 101 

(Depledge et al., 2018c). By contrast, direct RNA sequencing (dRNA-Seq) using nanopore 102 

arrays offers the potential to capture all these distinct data points in a single sequencing run 103 

(Depledge et al., 2019; Garalde et al., 2018). To examine the structure of the lytic VZV 104 

transcriptome, ARPE-19 cells were infected with the VZV pOka wild-type strain and total 105 

RNA was extracted at 96 hours post infection (hpi, Figure 1A). The 96 hpi time-point was 106 

chosen to maximise the diversity of VZV transcripts likely to be present. Sequencing of the 107 

polyadenylated RNA fraction was performed using both RNA-Seq and dRNA-Seq (Figure 108 

1A). Whereas short reads generated by standard Illumina RNA-Seq are not amenable for 109 

accurate isoform reconstruction in complex reads, they provide higher sequencing depth, 110 

detection of CPAS, and, crucially, enables splice-site correction of dRNA-Seq reads via the 111 

junction-polishing package in the software FLAIR (Tang et al., 2020). By contrast, dRNA-Seq 112 
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can sequence full-length RNAs and provides critical information on the presence of discrete 113 

RNA isoforms with regions of overlap, while also allow mapping of TSS and CPAS. Finally, 114 

we performed Illumina Cap Analysis Gene Expression Sequencing (CAGE-Seq) (Murata et 115 

al., 2014) to map TSS by an orthologous approach (Figure 1A). 116 

TSS and CPAS estimates provided by dRNA-Seq data closely overlapped with those 117 

derived from our Illumina approaches (Figure 1B). TSS sensitivity was nearly four-fold higher 118 

in CAGE-Seq datasets compared to dRNA-Seq, with effectively all TSS uniquely found by 119 

CAGE-Seq being low abundance – likely reflecting artefacts derived from RNA processing 120 

(i.e. recapping of cleaved RNA) or a generalized dysregulation of transcription initiation 121 

accompanying the late stages of a viral infection. A total of 104 TSS overlapped between the 122 

dRNA-Seq and CAGE-Seq datasets, all of which were the most abundant TSS in both 123 

datasets (Table S1). Importantly, dRNA-Seq TSS estimates were located up to 20 124 

nucleotides (nt) downstream (median 11 nt) of TSS derived via CAGE-Seq (Figure 1B). This 125 

difference is best explained by the presence of low-quality ends of dRNA-Seq reads that are 126 

not aligned when using local alignment strategies. CPAS sensitivity was higher in dRNA-Seq 127 

than RNA-Seq datasets (70 vs. 60 sites) with 53 sites detected by both approaches (Table 128 

S2). CPAS estimates provided by dRNA-Seq aligned closely with those derived from RNA-129 

Seq data (median 1 nt difference, Figure 1B) due the 3’ → 5’ direction of dRNA-Seq. Finally, 130 

we reconstructed the VZV transcriptome using TSS and CPAS to define transcript structures 131 

followed by visual confirmation of read data to identify splice sites, define alternatively 132 

spliced transcripts, and examine read-through transcription (Figure 1C).  133 

 134 

Reannotation of the VZV transcriptome reveals alternative transcript isoforms and 135 

putative non-coding RNAs 136 

In VZV pOka-infected ARPE-19 cells, we identified 136 distinct VZV RNAs that were readily 137 

detectable at 96 hpi. Along with defining the UTRs of 96 RNAs encoding the 71 canonical 138 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2020. ; https://doi.org/10.1101/2020.05.25.110965doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.25.110965
http://creativecommons.org/licenses/by-nd/4.0/


7 

 

VZV ORFs, we also identified 40 additional RNAs (Figure 2, Table S3). To reduce confusion, 139 

we numbered all RNAs according to the respective canonical ORFs and delineated 140 

transcript isoforms encoding at least part of the same ORF by number. For instance, three 141 

transcripts are transcribed from the ORF0 locus and these are here referred to as VZV RNA 142 

0-1, 0-2, and 0-3. The identified RNAs included transcripts encoding 5’ extended ORFs, 5’ 143 

truncated ORFs, 3’ extended ORFs, 3’ truncated ORFs, internally spliced variants, and 144 

putative non-coding RNAs (ncRNAs). Importantly, our study confirmed several previously 145 

described RNA isoforms such as a genome-termini spanning RNA that encodes ORF0 (RNA 146 

0-3) (Kemble et al., 2000) and identified an additional 5’ truncated ORF0 RNA of unknown 147 

function (RNA 0-2) (Figure 3A). Similarly, extensive low-level internal splicing of ORF50 has 148 

previously been reported (Sadaoka et al., 2010) (RNAs 50-1 to 50-5) and was similarly 149 

observed here, supplemented by two additional 5’ truncated isoforms (RNAs 50-6 and 50-7) 150 

expressed at relatively high abundance (Figure 3B). Examples of previously undocumented 151 

RNAs include two new spliced ORF9 transcript isoforms and two internally spliced transcript 152 

isoforms encoding N-terminal ORF24 and ORF48 coding sequences (CDS) domains that 153 

are spliced into novel C-terminal domains (Figure 2). Finally, we confirmed expression of 154 

transcripts encoding the novel ORF9 and ORF48 variants in VZV-infected ARPE-19 cells by 155 

RT-PCR (Figure S1A-B).  156 

Fusion transcripts combine sequences from two or more distinct canonical viral 157 

transcripts, and mostly likely result from transcription termination occurring at an alternative 158 

CPAS downstream of the canonical CPAS, followed by internal splicing (Depledge et al., 159 

2019). The resulting fusion transcripts are predicted to encode new proteins that contain 160 

fused domains from two or more distinct protein products. We identified seven VZV fusion 161 

transcripts in total. Four of these contain distinct fusion of transcripts encoding VLT and 162 

ORF63. Internal splicing of RNA 12-2 and RNA 12-3 transcripts yields two distinct splice 163 

variants that fuse parts of ORF12 and ORF13 CDS domains (Figure 3C). Additionally, we 164 

observed transcripts that fused the 5’ UTR of ORF31 transcripts to ORF32 transcripts, 165 
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resulting in a transcript encoding pORF32 with an alternative 5’ UTR. We confirmed 166 

expression of transcripts encoding the ORF12-ORF13 and ORF31-ORF32 fusions in VZV-167 

infected ARPE-19 cells by RT-PCR (Figure S1C-D). 168 

Additionally, we discovered two novel polyadenylated VZV transcripts: RNA 13.5-1 169 

and RNA 43-2. RNA 13.5-1 is 634 nt long, encodes two putative CDS domains (88 and 55 170 

amino acids; aa), and is positioned antisense to the RNA 14-1 (encoding ORF14). Like RNA 171 

14-1, RNA 13.5-1 stretches across the R2 reiterative region, a short repeat region that 172 

exhibits length variations between viral strains and within viral populations and thus leads to 173 

length variations in the encoded transcripts (Jensen et al., 2020) (Figures 2 and S1E). We 174 

also identified a highly expressed 3’ truncated RNA (RNA 43-2) that overlaps with the 5’ end 175 

of RNA 43-1 (encoding ORF43, Figures 2 and S1F). RNA 43-2 is a spliced 590 nt transcript 176 

that encodes only a short CDS domain (21 aa). Expression of both RNA 13.5-1 and RNA 43-177 

2 in VZV-infected ARPE-19 cells was confirmed by RT-PCR (Figures S1E-F) 178 

Finally, we used an in-silico approach to predict the coding potential of all 136 179 

polyadenylated VZV RNAs (Table S3). The Coding Potential Calculator version 2 algorithm 180 

(CPC 2.0) (Kang et al., 2017) calculates the coding probability of a transcript based on its 181 

length, isoelectric point, and Fickett score of the longest CDS encoded. Of the 96 VZV RNAs 182 

encoding the 71 canonical ORFs, 89 were assigned a coding probability exceeding 90% with 183 

only two canonical RNAs – encoding the two smallest VZV proteins: pORF49 (81 aa) 184 

(Sadaoka et al., 2007) and pORF57 (71 aa) (Cox et al., 1998) – incorrectly predicted to be a 185 

non-coding transcript (Table S3). Of the 40 VZV RNAs encoding non-canonical products, 17 186 

were predicted to be non-coding (Table S3), including two novel transcripts: RNA 13.5-1 187 

(7%) and RNA 43-2 (13%) (Figure S2). 188 

 189 

The lytic VZV transcriptome is not influenced by viral strain or cell type 190 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 25, 2020. ; https://doi.org/10.1101/2020.05.25.110965doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.25.110965
http://creativecommons.org/licenses/by-nd/4.0/


9 

 

VZV genome sequences are highly conserved (Norberg et al., 2015), suggesting that strain-191 

specific differences in coding capacity are likely minimal. To test this hypothesis, we infected 192 

ARPE-19 cells with VZV EMC-1 for 96 hrs and sequenced the poly(A) fraction of RNA by 193 

dRNA-Seq (Table S4). This enabled a comparative analysis of datasets obtained from 194 

ARPE-19 cells lytically infected with either VZV pOka or EMC-1 to determine whether either 195 

strain encodes unique transcripts (Figure S3). No such transcripts were identified at the RNA 196 

level, although we note that nucleotide level changes may still impact encoded proteins – as 197 

is exemplified by the N-terminal extended pORF0 uniquely present in pOka (Figure S4). 198 

As VZV is capable of infecting diverse cell types including epithelial cells and 199 

neurons, we also determined if the VZV transcriptome remains similar between VZV pOka-200 

infected ARPE-19 cells and human embryonic stem cell (hESC)-derived neurons (Sadaoka 201 

et al., 2016, 2017). Again, no cell-type specific novel VZV RNAs or variant VZV RNAs were 202 

identified (Figure S5), indicating that observed differences in VZV RNA expression levels 203 

and infectivity in distinct cell types (Baird et al., 2014; Sadaoka et al., 2017) is not due to the 204 

presence of cell-type specific VZV RNAs, but is likely driven by host cell factors. 205 

 206 

Overexpression of RNA 43-2 does not impair VZV replication in epithelial cells 207 

Based on the high relative expression of RNA 43-2, its low protein coding potential and 208 

genomic location we hypothesized that it may function as a ncRNA involved in regulating the 209 

expression of the longer RNA 43-1 (encoding pORF43). ORF43 is an essential gene (Zhang 210 

et al., 2010), which putatively encodes for the capsid vertex component 1 and is postulated 211 

to be important for viral DNA encapsidation from the analogy to HSV UL17 (Toropova et al., 212 

2011). To test this hypothesis, we generated three stable ARPE-19 cell lines expressing 213 

RNA 43-2, or an empty vector as control, and analyzed VZV EMC-1 replication at 48 and 72 214 

hpi by flow cytometry and plaque assay. We did not observe any significant differences in 215 

number of VZV-infected cells, number of plaques nor plaque sizes between RNA 43-2 216 
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expressing cells and vehicle control cells (Figures S2A-B). Additionally, RNA 43-2 217 

expression did not significantly reduce expression of RNA 43-1 in VZV-infected cells (p = 218 

0.08 by Student’s t-test) (Figure S2C).  219 

 220 

Decoding the kinetic class of VZV transcripts in lytically infected cells  221 

To determine the kinetic class of each lytic VZV RNA, cell-cycle synchronized ARPE-19 cells 222 

were infected with cell-free VZV EMC-1 and cultured for 12 or 24 hrs in the presence or 223 

absence of actinomycin D (ActD, transcription inhibitor), cycloheximide (CHX, translation 224 

inhibitor), or phosphonoacetic acid (PAA, inhibitor of the viral DNA polymerase), and viral 225 

RNAs were subsequently profiled using dRNA-seq and RNA-seq (Figure 4 & S6). 226 

Transcription of IE RNAs is not dependent on de novo viral protein production, whereas 227 

transcription of E RNAs depends on IE proteins. L RNAs are further subclassified into two 228 

kinetic classes, leaky-late (LL) and true-late (TL); LL RNAs are expressed at very low levels 229 

before, and TL RNAs exclusively after, viral DNA replication has commenced. 230 

Given the very high sensitivity of our Illumina RNA-seq and Nanopore dRNA-seq 231 

analyses many VZV transcripts were detected in all experimental conditions except ActD-232 

treated cells, albeit at vastly different abundancies (Table S3). Therefore, we first established 233 

objective criteria to classify VZV transcripts into distinct kinetic classes, based on their 234 

susceptibility to CHX treatment (to identify IE genes) and PAA treatment (to identify E and L 235 

genes). Taking advantage of the fact that one dRNA-Seq equals one RNA, we counted the 236 

number of reads mapping unambiguously to each of the 136 VZV RNAs for each sample. 237 

We subsequently calculated the relative expression level for each transcript by expressing 238 

each count as a fraction of the total VZV transcripts counts for that sample (Figure 5). Reads 239 

that could not be unambiguously assigned were excluded from this analysis. We defined IE 240 

VZV transcripts as those which accounted for an equal to or higher fraction of transcripts in 241 

the CHX treated sample than in the PAA or untreated samples (Figure 5). E RNAs were 242 
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assigned as those which had a proportional distribution in PAA-treated samples of at least 243 

50% of the untreated sample. LL transcripts were those which had a proportional distribution 244 

in PAA-treated samples of 5% – 50% of the untreated sample. TL transcripts were those 245 

with a proportional distribution in PAA-treated samples of less than 5% of the untreated 246 

sample and were effectively only detected in untreated samples.  247 

Collectively, our approach showed that two VZV transcripts (RNA 4-1 and RNA 61-1, 248 

encoding pORF4 and pORF61, respectively) were expressed at very high levels (accounting 249 

for 60% of all VZV transcripts) in the absence of de novo protein production and, in 250 

agreement with prior studies (Moriuchi et al., 1993, 1994), were classified as IE transcripts 251 

(Figure 5). Six additional transcripts were expressed to high levels in CHX-treated samples 252 

relative to other conditions and were also assigned IE status. These included RNA 63-1 253 

(encoding pORF63), RNA 0-1 (pORF0), RNA 0-2 (putative ncRNA), RNA 61-2 (N’ terminal 254 

truncated pORF61), and RNA 43-2 (putative ncRNA). We also observed that RNA 9-1 255 

(pORF9) is expressed at similar levels as the transcripts above and provisionally classified it 256 

as IE but note that relative expression levels of this transcript increases throughout infection. 257 

pORF4, pORF61, and pORF63 are known transcriptional activators of VZV and canonical IE 258 

transcripts (Kost et al., 1995; Moriuchi et al., 1993, 1994), whereas the kinetic class of ORF0 259 

has not been fully resolved (Koshizuka et al., 2010). Low level transcription of other VZV 260 

transcripts was observed but attributed to low-level transactivation by viral tegument proteins 261 

delivered from incoming virions. We also sequenced samples treated with ActD to control for 262 

the potential presence of residual background transcripts in the virus preparations and 263 

confirmed only minimal amounts of VZV transcripts to be present (Figure S6).  264 

In total, 69 transcripts were classified as viral DNA replication insensitive E RNAs, 265 

including the experimentally validated transcripts encoding pORF28 and pORF29 (Yang et 266 

al., 2004). A further 27 transcripts were classed as LL and 31 transcripts as TL, the latter 267 

including both RNA 14-1 (pORF14) and VLT (pVLT), both of which have been 268 

experimentally confirmed previously (Depledge et al., 2018b; Storlie et al., 2006). Notably, 269 
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about half of the VZV RNAs originating from the same locus were of different transcriptional 270 

class (Figure S6). Typically, the shortest RNA isoforms were of earlier kinetic class, with 271 

alternative TSS and CPAS usage increasing transcript diversity by producing longer 272 

alternative RNA isoforms at later stages of infection, e.g. RNA 9-1, 9A-1, 9-2, and 9-3 273 

(Figure S6B).  274 

 275 

ORF62 transcripts are expressed with Late kinetics during lytic VZV infection 276 

VZV transcripts RNA 62-1 and RNA 62-2 encode for, respectively, the major viral 277 

transcriptional activator protein, pORF62, and a predicted N-terminal truncated pORF62 278 

variant. Surprisingly, our data indicate that expression of the ORF62 encoding RNAs is both 279 

dependent on de novo (viral) protein synthesis and viral DNA replication, thereby classifying 280 

these RNA 62 transcripts as L. This contradicts the current classification of ORF62 as an IE 281 

gene, although we note this classification was obtained by analogy to the function of its 282 

HSV-1 orthologue infected cell polypeptide 4 (ICP4) (Felser et al., 1988). To confirm and 283 

substantiate our findings, we analyzed the impact of viral DNA replication on ORF62-284 

encoding RNA and protein expression in multiple VZV-susceptible cell types at 24 hpi. RT-285 

qPCR analysis showed that PAA treatment was associated with an approximately 10-fold 286 

decrease in expression of IE transcripts encoding ORF61 and ORF63, consistent with the 287 

absence of VZV DNA replication and spread in culture, and >10,000-fold decrease in 288 

expression of TL, viral DNA replication-dependent, RNA VLTly (Figure 6A). Notably, 289 

expression of RNAs encoding ORF62 was more severely affected (~500-fold reduction) by 290 

PAA treatment than IE RNAs encoding ORF61 and ORF63. Similar results were obtained for 291 

VZV strain pOka infected epithelial ARPE-19 cells, hESC-derived neurons and lung 292 

fibroblast MRC-5 cells (Figure S7A to C). 293 

Similarly, PAA treatment severely reduced the abundance and affected the cellular 294 

localization of pORF62 in VZV-infected ARPE-19 cells (Figure 6B). In the absence of PAA, 295 
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both pORF61 and pORF62 were abundantly expressed in plaques of VZV-infected cells, 296 

with mostly diffuse nuclear pORF61 staining and pORF62 staining presenting as abundant 297 

globular nuclear and diffuse cytoplasmic staining (Figure 6B, left panels). Consistent with 298 

inhibition of VZV replication, no plaques were observed in PAA-treated cultures and infected 299 

cells were rare. The pORF61 staining pattern in infected cells was comparable between 300 

PAA-treated and untreated VZV-infected cells, whereas pORF62 staining intensity was 301 

severely reduced and showed weak, mostly diffuse nuclear staining with fewer intensely 302 

staining punctae (Figure 6B, right panels); possibly, reflecting incoming pORF62 originating 303 

from VZV virions. Identical IF staining results were observed in ARPE-19, MRC-5 and 304 

melanoma MeWo cells (Figure S7D and E, respectively). Overall, our data demonstrate that 305 

RNA 62-1, as well as RNA 62-2 and RNA 62-3, are expressed at low levels prior to viral 306 

DNA replication, with robust expression occurring only after viral DNA replication is initiated, 307 

consistent with the expression of LL, but not IE transcripts. 308 

 309 

Discussion 310 

Understanding the full coding capacity of a given virus is crucial to understanding its 311 

biology. With the advent of new RNA-sequencing methodologies it has become clear that 312 

transcription of herpesvirus genomes is much more complex than previously anticipated. 313 

Here, we demonstrate that VZV is no exception and provide a comprehensive reannotation 314 

of the VZV transcriptome during lytic infection of human retinal pigment epithelial cells and 315 

hESC-derived neurons, incorporating data from two distinct VZV strains. By integrating RNA-316 

Seq, CAGE-seq, dRNA-seq, we have resolved the architecture of the lytic VZV 317 

transcriptome. Specifically, we report the TSS and CPAS for all annotated VZV transcripts – 318 

including refinement of the 5’ UTRs and 3’ UTRs in RNAs encoding canonical ORFs – and 319 

show that VZV further diversifies its transcription by through the use of (1) additional TSS 320 

and CPAS, (2) disruption of transcription termination, and (3) alternative splicing. As a result, 321 

several transcript isoforms are expressed from the same locus and fusion RNAs are 322 
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produced that modify UTRs and CDS of multiple transcripts. Given that 5’ UTR sequences 323 

influence the translational efficiency of the downstream CDS (Leppek et al., 2018), 324 

alternative UTR usage may provide the virus additional mechanism to regulate its protein 325 

expression throughout its infectious cycle. Collectively, this study defined 136 326 

polyadenylated VZV RNAs that are expressed during lytic VZV infection, many of which are 327 

predicted to increase the diversity of the viral proteome. 328 

Although the VZV genome is considered relatively stable, multiple strains currently 329 

co-circulate and recombine (Norberg et al., 2015; Tyler et al., 2007), potentially influencing 330 

the viral transcriptome. However, our comparison of the transcriptional landscape of a VZV 331 

clade 1 (strain EMC-1) and a clade 2 (strain pOka) virus revealed that no strain-specific lytic 332 

transcript isoforms exist in VZV-infected ARPE-19 cells. However, inter-strain differences in 333 

repeat variations could nevertheless impact transcription of RNA 11-1 (containing R1), RNA 334 

13.5-1 (R2), RNA 14-1 (R2), RNA 22-1 (R3), RNA 63-2 (R4), RNA 63-3 (R4) and all RNA 59 335 

and RNA 60 isoforms (R5) (Jensen et al., 2020). Similarly, strain-specific polymorphisms 336 

may function to extend coding domains such as the N-terminal extended pORF0 (RNA 0-3) 337 

in VZV pOka in comparison with other VZV clades (Figure S4). Additionally, while previous 338 

studies suggested that the VZV transcriptome is generally similar across diverse cell types, 339 

none had sufficient resolution or used the methodologies required to disentangle transcript 340 

structures (Baird et al., 2014; Depledge et al., 2018b; Jones et al., 2014). Here, we 341 

demonstrated that identical transcript isoforms were detected during lytic VZV infection of 342 

human retinal pigment epithelial cells and hESC-derived neurons. Thus, while VZV strain-343 

specific polymorphisms and/or cell type may influence viral gene expression, their impact on 344 

the lytic VZV transcriptome structure appears to be small. 345 

Many herpesviruses express ncRNAs during lytic and latent infections (Hancock and 346 

Skalsky, 2018). Previously, we identified the putative dual-function polyadenylated VZV RNA 347 

VLT, which encodes a protein expressed during lytic infection, but is also functional as an 348 

RNA, inhibiting ORF61 RNA expression in overexpression experiments (Depledge et al., 349 
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2018b). Here, we identified 17 additional polyadenylated VZV RNAs that are predicted to be 350 

non-coding. Diverse functions have been attributed to human ncRNAs, including the 351 

modification of antisense or overlapping transcription events (Pelechano and Steinmetz, 352 

2013; Saxena and Carninci, 2011). The generation of functional VZV mutant viruses with 353 

impaired expression of identified putative ncRNAs is challenging due to overlap with other 354 

viral transcripts. Therefore, we have studied the function of VZV RNA 43-2 by means of RNA 355 

43-2 overexpression followed by VZV superinfection. However, RNA 43-2 did not 356 

significantly reduce expression of the overlapping RNA 43-1 transcript nor influence VZV 357 

replication. These results most likely reflect the complexity of VZV transcript regulation 358 

during lytic infection, as putative ncRNA 43-2 is expressed earlier (IE kinetics) and at higher 359 

abundance than RNA 43-1 (E kinetics). Considering the multitude of ncRNAs expressed by 360 

other herpesviruses and their crucial roles during infection (Hancock and Skalsky, 2018), 361 

delineating the functional importance of VZV ncRNAs should be considered a research.  362 

Twenty-eight of 136 VZV transcripts are (multiply) spliced. Strikingly, the majority of 363 

splicing events occur in a hypercomplex region of the VZV genome encoding both VLT and 364 

ORF61. We have previously shown this locus to be characterized by extensive alternative 365 

splicing (Depledge et al., 2018b) and here report the presence of multiple transcripts that 366 

variously encode a fusion protein of pVLT and pORF63 (pVLT-ORF63) or an N’ terminal 367 

extended pORF63 (pORF63-N+). The coding potential of pVLT-ORF63 or pORF63-N+ and 368 

functional consequences of (and requirement for) these fusion transcripts during reactivation 369 

from latency is described in a separate study (Sadaoka et al. unpublished data), while their 370 

functional role(s) during lytic infection are under investigation. Except for VLTlyt63-1, all 371 

spliced VZV RNAs used the canonical splice donor (GT) site (Figure S8A). The splice donor 372 

sites were highly enriched for C/A (-3 position), A (-2), G (-1) and A (+1). All spliced VZV 373 

RNAs used the canonical splice acceptor site (AG), often flanked by C (-1) and G/A (+1) 374 

(Figure S8B). Consistent with the use of the cellular splicing machinery to process viral pre-375 
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mRNAs, VZV consensus splice donor and acceptor sites closely resemble those of the 376 

human transcriptome (Zhang et al., 2007). 377 

Herpesvirus transcripts are traditionally assigned kinetic classes based on their 378 

temporal expression pattern and dependence on de novo protein synthesis or viral DNA 379 

replication. Here, we provide a transcriptome-wide classification of VZV transcripts during 380 

lytic infection of epithelial cells and identified that multiple transcripts originating from the 381 

same locus could either share the same kinetic class (e.g. RNAs 15-1, 15-2, and 15-3) or be 382 

of different kinetic class (e.g. RNAs 9-1, 9-2, 9-3, and 9A-1) (Table S3 and Figure S6). While 383 

the biological impetus for this is not clear, it seems likely that TSS and CPAS usage are 384 

dynamically regulated during lytic infection. For example, RNA 43-1 (E, pORF43) and the 385 

putative ncRNA 43-2 (IE) diverge in CPAS usage and expression kinetics (Figure 5). 386 

Similarly, multiple transcripts encoding pORF63 utilize different TSS are expressed as 387 

different temporal classes and varying abundancies, with canonical IE RNA 63-1 being most 388 

abundant, followed by E RNA VLTlyt63-1 and low quantities of two TL RNAs 63-2 and 63-3 389 

(Figure 5). 390 

Finally, our data provide novel insight into the expression of IE transcripts and the 391 

role of pORF62 during lytic VZV infection. The most abundantly expressed VZV IE 392 

transcripts, produced in the absence of new protein synthesis, encode for pORF4 and 393 

pORF61, which are also the earliest proteins detected in during lytic VZV infection 394 

(Ouwendijk et al., 2020). Interestingly, prior studies of the RNA 4-1 and RNA 61-1 promoter 395 

regions have shown that their efficient transactivation is dependent on pORF62 (Michael et 396 

al., 1998; Wang et al., 2009), a major component of the viral tegument (Kinchington et al., 397 

1992). However, our data indicate that abundant expression of VZV RNA 62-1 (pORF62), as 398 

well as RNAs 62-2 and 62-3 is dependent on viral DNA replication (LL and TL kinetics), 399 

suggesting that tegument-derived pORF62 but not de novo pORF62 transactivates RNA 4-1 400 

and RNA 61-1 expression at least during establishment of lytic infection cycle. Classification 401 

of RNA 62-1 (pORF62) as LL is also supported by prior observations that a marked increase 402 
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in pORF62 abundance occurs only after DNA replication had commenced (Reichelt et al., 403 

2009). Importantly, our findings do not exclude any of the previously assigned functions of 404 

pORF62, most notably its function as a major transcriptional regulator of VZV transcripts 405 

(Perera et al., 1992; Ruyechan et al., 2003; Yang et al., 2006). However, future studies 406 

aimed at better understanding the regulation of VZV transcript expression, and the distinct 407 

roles of newly produced RNA 62 isoforms, pORF62, and tegument-derived pORF62 are 408 

warranted.  409 

In summary, this study describes the detailed analysis of the VZV transcriptome 410 

architecture and kinetic classification of viral transcripts in the context of lytic VZV infection. 411 

We provide these data as a comprehensive resource that will facilitate functional studies of 412 

coding RNAs and their protein products, the role of non-coding RNAs, and the regulation of 413 

VZV transcription and translation during lytic infection.  414 

  415 
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Figure Legends 439 

 440 

Figure 1. Decoding the complexity of the lytic VZV transcriptome. (A) Experimental 441 

strategy: ARPE-19 cells and hESC-derived neurons were infected with VZV EMC-1 (Clade 442 

1) or -pOka (Clade 2) for 96 hrs. Total RNA was extracted and poly(A) fraction isolated for 443 

sequencing by Illumina CAGE-Seq, Illumina RNA-Seq and/or Nanopore dRNA-Seq. 444 

Sequence data were aligned against the VZV strain Dumas reference genome (Genbank 445 

Accession: NC_001348.1) and visualized using the Integrative Genomics Viewer (IGV) 446 

(Thorvaldsdóttir et al., 2013) and GVIZ (Hahne and Ivanek, 2016). (B) Transcription start 447 

sites (TSS) as well as cleavage and polyadenylation sites (CPAS) were identified in 448 

nanopore and Illumina datasets. Histograms show the distances observed between 449 

nanopore and Illumina predictions, while inset Venn diagrams indicate the numbers of sites 450 

identified and their conservation between datasets. (C) Integration of Illumina RNA-Seq, 451 

Illumina CAGE-Seq and Nanopore dRNA-Seq datasets. Coverage plots for Illumina RNA-452 

Seq (light-blue), CAGE-Seq (red) and Nanopore dRNA-Seq (teal) are integrated with pileup 453 

data that maps TSS (red) and CPAS (black). Rows denoted by TSS and CPAS indicate 454 

positions of TSS and CPAS identified using HOMER software (Heinz et al., 2010) for 455 

nanopore dRNA-Seq and Illumina CAGE-Seq data and ContextMap2 software (Bonfert et 456 

al., 2015) for Illumina RNA-Seq data. Conserved TSS and CPAS are indicated with blue 457 

asterisks. RNA structures (grey) are inferred from these conserved sites. Wide and thin 458 

boxes indicate canonical coding sequence (CDS) domains and untranslated regions (UTRs), 459 

respectively. Novel identified RNAs (orange) are shown without predicted CDS domains.  460 

 461 

Figure 2. Reannotation of the lytic VZV transcriptome reveals novel viral transcript 462 

isoforms, fusion transcripts and putative noncoding RNAs. The reannotated lytic VZV 463 

transcriptome includes 71 transcripts encoding canonical ORFs with their UTRs defined 464 
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(grey), 39 alternative isoforms of existing RNAs (orange), 7 fusion RNAs (dark blue) and 19 465 

novel polyadenylated RNAs (red). Wide and thin boxes indicate canonical CDS domains and 466 

while thin boxes indicate UTRs, respectively. Absence of CDS regions indicates that the 467 

respective VZV RNA has an uncertain coding potential. Illumina RNA-Seq (light blue) and 468 

nanopore dRNA-Seq (teal) coverage plots are derived from ARPE-19 cells lytically infected 469 

with VZV strain pOka for 96 hr. Y-axis values indicate the maximum read depth of that track. 470 

See also Figures S1 and S2. Reiterative repeat regions R1-R5 and both copies of the OriS 471 

are shown as black boxes embedded in the genome track. 472 

 473 

Figure 3. Examples of specific variant and fusion viral RNAs expressed during lytic 474 

VZV infection. (A-D) Examples of variant transcripts encoding ORF0 (A) and ORF50 (B) 475 

and novel fusion transcripts encoding (parts of) ORF12 and ORF13 (C), and ORF31 and 476 

ORF32 (D). Illumina RNA-Seq (light blue) and nanopore dRNA-Seq (teal) coverage plots are 477 

derived from ARPE-19 cells lytically infected with VZV strain pOka for 96 hr. Fusion RNAs 478 

are shown in dark blue, with variant RNAs shown in orange and canonical RNAs in grey. 479 

Hashed red bar indicates the position of the genome termini. Genome coordinates are 480 

shown while strand is indicated by placement of the genome track (below: top strand, above: 481 

bottom strand). Y-axes denote transcript per million (TPM) counts. See also Figure S4.  482 

 483 

Figure 4. Decoding the kinetic class of VZV transcripts during lytic infection. Coverage 484 

plots derived from dRNA-Seq of ARPE-19 cells infected with cell-free VZV EMC-1 and 485 

treated with cycloheximide (CHX; green) for 12 hrs, phosphonoacetic acid (PAA; gold) for 24 486 

hrs, or untreated (UNT; red) for 24 hrs. Corresponding Illumina RNA-Seq coverage plot for 487 

each condition are shown as dark blue line plots. Y-axis denotes coverage range (left side: 488 

nanopore dRNA-Seq, right-side: Illumina RNA-Seq). Reannotated VZV genome is shown in 489 

the middle track. CDS regions and UTRs are shown as wide and thin boxes, respectively. 490 
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Reiterative repeat regions R1-R5 and both copies of the OriS are shown as black boxes 491 

embedded in the genome track. See also Figure S6. Canonical (grey), alternative (orange), 492 

fusion (dark blue) transcripts and putative ncRNAs (red) are shown with canonical CDS 493 

regions UTRs. Absence of CDS regions indicate that the respective RNAs have uncertain 494 

coding potential.  495 

 496 

Figure 5. Transcriptional classification of VZV transcripts. The kinetic class of all viral 497 

RNAs included in our reannotated VZV genome was based on their differential expression in 498 

lytically VZV-infected ARPE-19 cells treated with cycloheximide (CHX; green), 499 

phosphonoacetic acid (PAA; gold), or untreated (UNT; red) (Figure 4). Viral immediate-early 500 

(IE) RNAs were assigned as those expressed proportionally highest in CHX-treated VZV-501 

infected ARPE-19 cells. Viral early (E) RNAs were assigned as those expressed with 502 

proportional distribution in PAA-treated samples of at least 50% of the untreated VZV-503 

infected ARPE-19 cells. Viral leaky late (LL) RNAs were those expressed at a proportional 504 

distribution in PAA-treated samples of at least 5% of the untreated VZV-infected ARPE-19 505 

cells. Viral true late (TL) RNAs were those that were only detected in untreated VZV-infected 506 

ARPE-19 cells. Y-axis indicates the fractional representation of each specific RNA as 507 

percentage of the total number VZV transcripts detected in the respective (un)treated VZV-508 

infected ARPE-19 cells. 509 

 510 

Figure 6. ORF62 transcripts are expressed with Late kinetics during lytic VZV 511 

infection. Cell-cycle synchronized human ARPE-19 (epithelial), SH-SY5Y (neuroblastoma), 512 

MRC-5 (fibroblast) and MeWo (melanoma) cells were infected with cell-free VZV EMC-1 for 513 

24 hr in the presence or absence of PAA. (A) Fold change ORF61, ORF62 and ORF63 gene 514 

expression in PAA-treated samples relative to untreated samples (calibrator) and normalized 515 

to GAPDH using the 2-ΔΔCt method. In 1 of 3 experiments, PAA-treatment reduced VLT 516 
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expression to below detection limit. qPCR probes direct to ORF62 recognize all three 517 

transcript variants (RNA62-1, 62-2 and 62-3). (B) Representative images of lytically VZV-518 

infected ARPE-19 cells stained by immunofluorescence for pORF61 (green) and pORF62 519 

protein (red). Nuclei were counterstained with Hoechst 33342 (blue). Top row: 400x 520 

magnification, bottom rows: 1000x magnification. See also Figure S7.  521 

 522 

 523 

  524 
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Methods 525 

 526 

Cells and viruses. Human retinal pigmented epithelium ARPE-19 cells [American Type 527 

Culture Collection (ATCC) CRL-2302] were grown in a 1:1 (v/v) mixture of DMEM (Lonza) 528 

and Ham’s F12 (Gibco) medium supplemented with 10% heat-inactivated fetal bovine serum 529 

(FBS; Lonza) and 0.6 mg/mL L-sodium glutamate (Lonza) or in DMEM/F-12+GlutaMAX-I 530 

(Thermo Fisher Scientific) supplemented with heat-inactivated 8% FBS (Sigma-Aldrich). 531 

Human neuroblastoma SH-SY5Y cells were grown in a 1:1 (v/v) mixture of EMEM with 532 

EBSS (Lonza) and Ham’s F12 (Gibco) medium supplemented with 15% FBS (Lonza), L-533 

sodium glutamate, penicillin-streptomycin, non-essential amino acids (MP biomedicals) and 534 

natrium-bicarbonate (Lonza). Human embryonic lung fibroblasts MRC-5 and human 535 

melanoma MeWo cells were cultured in DMEM (Lonza), supplemented with 10% FBS, L-536 

sodium glutamate and penicillin-streptomycin. Human embryonic stem cell (hESC; H9)-537 

derived neural stem cells (NSC) (Thermo Fisher Scientific) were cultured, propagated and 538 

differentiated into neurons as described previously (Sadaoka et al., 2020). Cell cultures were 539 

maintained at 37°C in a humidified CO2 incubator. VZV strain pOka (parental Oka) was 540 

maintained in, and the cell-free virus was prepared from, ARPE-19 cells as described 541 

previously for MRC-5 cells (Sadaoka et al., 2007). VZV strain EMC-1 is a low-passage 542 

clinical isolate, was cultured on ARPE-19 cells and cell-free VZV was extracted as described 543 

(Lenac Rovis et al., 2013; Ouwendijk et al., 2014). Cell-free EMC-1 was freshly harvested on 544 

the day of use and pretreated with DNAse I, RNAse T1 and RNAse A (all: Thermo Fisher 545 

Scientific) for 30 min at 37°C prior to infection. 546 

 547 

RNA extraction and cDNA synthesis. ARPE-19 cells were infected with cell-associated 548 

VZV EMC-1 by co-cultivation of uninfected and VZV EMC-1 infected ARPE-19 cells at an 8:1 549 

cell ratio for 96 hrs. Alternatively, ARPE-19, SH-SY5Y, MRC-5 and MeWo cells were 550 

infected with cell-free VZV EMC-1 for indicated time. Cells were harvested in 1 mL TRIzol 551 
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(Thermo Fisher Scientific), mixed with 200 μL chloroform and centrifuged for 15 min at 552 

12,000xg at 4°C. RNA was isolated from the aqueous phase using the RNeasy Mini kit 553 

(Qiagen) according to manufacturer’s instructions, including on-column DNase I 554 

treatment, as described (Ouwendijk et al., 2013). RNA concentration and integrity were 555 

analyzed using a Nanodrop spectrophotometer (Thermo Fisher Scientific), and RNA was 556 

subjected to a second round of DNAse treatment using the TURBO DNA-free kit (Ambion) 557 

according to manufacturer’s instructions. For cDNA synthesis maximum 5 µg RNA was 558 

reverse transcribed using Superscript IV reverse transcriptase and oligo(dT) primers 559 

(Thermo Fisher Scientific) (RT+). As control, the same reaction was performed without 560 

reverse transcriptase (RT-). Alternatively, RNA was isolated using the FavorPrep 561 

Blood/Cultured Cell Total RNA Mini Kit (Favorgen Biotech) in combination with the 562 

NucleoSpin RNA/DNA buffer set (Macherey-Nagel). DNA was first eluted from the column 563 

in 100 µL DNA elution buffer and subsequently the column was treated with recombinant 564 

DNase I (20 units/100 µL; Roche Diagnostics) for 30 min at 37°C and finally RNA was 565 

eluted in 50 µL nuclease free water. RNA was directly treated with Baseline-ZERO DNase 566 

(2.5 units/50 µL; Epicentre) for 30 min at 37°C. cDNA was synthesized with 12 µL of RNA 567 

and anchored oligo(dT)18 primer in a 20 µL reaction using the Transcriptor First Strand 568 

cDNA synthesis kit at 55°C for 30 min for reverse transcriptase reaction (Roche 569 

Diagnostics). 570 

 571 

PCR and sequence analysis. PCR was performed on RT+ and RT- cDNA reactions 572 

using Amplitaq Gold DNA Polymerase (Thermo Fisher Scientific) and primer pairs 573 

corresponding to each newly identified VZV transcript (Table S5). Primers were directed 574 

to the predicted 5’ and 3’ end of each transcript so that newly identified transcripts were 575 

completely amplified from 5’�3’ end. For ORF9 variants and ORF48 additional reverse 576 

primers were used to confirm splice junctions (Table S5). PCR amplification was 577 

performed as follows: initial denaturation at 95°C for 10 min, followed by 40 cycles of 578 

alternating denaturation (30 sec, 95°C), primer annealing (30 sec at the appropriate 579 
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temperature; Table S5), and subsequently primer extension (1 min / 1,000bp, 72°C; Table 580 

S5). Final extension step of 10 min at 72°C was included. To amplify ORF13.5 each dNTP, 581 

including equimolar amounts of dGTP and 7-deaza-GTP (New England Biolabs), at a 582 

concentration of 200 µM was used (Maertzdorf et al., 1999). PCR amplification of 583 

ORF13.5 was performed as follows: initial touchup PCR from 58°C � 70°C using a 584 

transcript specific forward primer and an anchored primer on the poly(A) tail. 585 

Subsequently, semi-nested PCR was performed using the same forward primer and a 586 

reverse primer within the transcript using standard PCR protocol. Amplicons were purified 587 

from gel using the QIAquick Gel Extraction Kit (Qiagen) and sequenced using the BigDye 588 

v3.1 Cycle Sequencing Kit (Applied Biosciences) with corresponding forward and reverse 589 

primer on the ABI Prism 3130 XL Genetic Analyser. 590 

 591 

Plasmid construction and generation of stable cell lines. The RNA 43-2 transcript 592 

sequence (77,775 - 78,619 excluding the intron at 77,869 - 78,149; strain Dumas, 593 

NC_001348.1) was amplified using cDNA from VZV EMC-1 infected ARPE-19 cells and 594 

primers NheI_ORF43-5_Fw and XhoI_ORF43.5_Rv (Table S5). Amplicon was digested with 595 

NheI and XhoI and cloned into pcDNA3.1. Three independent batches of ARPE-19 cells 596 

were transfected with either pcDNA3.1/empty or pcDNA3.1/RNA 43-2 using 597 

polyethylenimine (PEI). After 2 days, cells were incubated with 1 mg/mL geneticin and 598 

cultured for at least 3 weeks to select for transfected cells. Subsequently, DNA was isolated 599 

using the QiaAmp DNA Mini kit according to manufacturer’s instructions and presence of 600 

RNA 43-2 DNA was confirmed by PCR. Next, RNA was isolated as described above, and 601 

expression of RNA 43-2 was confirmed by RT-PCR.  602 

 603 

Flow cytometry. ARPE-19 cells stably transfected with pcDNA3.1/empty or pcDNA3.1/RNA 604 

43-2 were plated one day prior to infection in a 48-well plate. Cells were infected with cell-605 

free VZV EMC-1 (multiplicity of infection, MOI = 0.01), harvested at 48 hpi or 72 hpi, fixed 606 
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and permeablized with BD Cytofix/Cytoperm, stained for VZV glycoprotein E (gE) 607 

(MAB8612, Millipore) in BD PermWash, labeled with secondary APC-conjugated goat anti-608 

mouse Ig antibody (BD Biosciences). Frequency of VZV-infected (i.e. APC positive) cells 609 

was measured on a BD FACSLyric flow cytometer and analyzed using FlowJo software (BD 610 

Biosciences). 611 

 612 

Plaque assay. Confluent monolayers of stable pcDNA3.1-empty or pcDNA3.1-RNA 43-2 613 

cells grown in a 12-wells plate were infected with 2,000 plaque forming units (PFU)/well VZV 614 

EMC-1. At 72 hrs post-infection plates were washed and fixed with 4% paraformaldehyde 615 

(PFA) in PBS. Subsequently plates were permeabilized using 0.1% Triton-X100 in PBS for 616 

10 min, blocked with 5% normal goat serum in PBS-0.05% Tween-20 (PBS-T) for 30 min, 617 

incubated with mouse anti-VZV gE antibody (MAB8612) diluted in PBS-T containing 0.1% 618 

BSA for 1 hr at room temperature. Cells were washed with PBS-T, incubated for 1 hr with 619 

polyclonal rabbit-anti-mouse Ig antibody (Dako) in PBS-T + 0.1% BSA, washed and stained 620 

with Alexa Fluor 488 (AF488)-conjugated goat anti-rabbit Ig (H+L) antibody (Thermo-Fisher) 621 

in PBS-T. Plates were measured using the Immunospot S6 Ultimate UV Image Analyzer and 622 

plaque size was determined using Immunospot software (Cellular Technology Limited). 623 

 624 

Kinetic class of VZV genes. ARPE-19 cells were synchronized in the cell cycle using a 625 

double thymidine block approach (Ma and Poon, 2016). Briefly, ARPE-19 cells were seeded 626 

at semi-confluence in 12-wells plates and next day medium was replaced for growth medium 627 

containing 2mM thymidine (Sigma-Aldrich). After 24 hrs, medium was replaced for normal 628 

growth medium for 8 hrs, after which medium was changed back to thymidine containing 629 

medium. 30 min prior to infection cells were released from thymidine by replacing the 630 

medium with regular culture medium. Cells were infected with freshly harvested cell-free 631 

VZV EMC-1 using spin-inoculation for 15 min at 1,000xg (MOI after spin-inoculation = 0.1 - 632 
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0.2). Cells were incubated for 45 min at 37°C, after which the inoculum was replaced for 633 

fresh medium, medium with 10 µg/mL Actinomycin D (ActD; Sigma-ALdich), medium with 50 634 

μg/mL cycloheximide (CHX; C4859, Sigma-Aldrich) or medium with 400 µg/mL 635 

phosphonoacetic acid (PAA; Sigma-Aldrich). Infected cells were harvested in 500 μL TRIzol 636 

at 12 hpi (ActD and CHX) or 24 hpi (untreated and PAA) for RNA extraction. Alternatively, 637 

ARPE-19 cells, MRC-5 cells (1 x 105 cells/well on 24-well plate) and hESC-derived neurons 638 

(1 x 105 cells/well on 24-well plate as NSC and differentiated for 18 days) were infected with 639 

cell-free VZV pOka (20 µL of 4 x 104 PFU/mL) in the presence or absence of 640 

phosphonophormic acid (200 µg/mL) (Sigma-Aldrich) for 1 hr, the inoculum was replaced for 641 

fresh media with phosphonophormic acid (200 µg/mL) and cultures were maintained for 24 642 

hrs. 643 

 644 

Quantitative PCR analysis. Quantitative Taqman real-time PCR (qPCR) was performed in 645 

duplicate on RT- and RT+ cDNA using 4x Taqman Fast Advanced Master mix (Applied 646 

Biosystems) on a 7500 Taqman PCR system. Primer-probe sets directed to ORFs 61, 62, 63 647 

and VLT have been described previously (Depledge et al., 2018b; Ouwendijk et al., 2012) 648 

and those directed to ORF43 are described in Table S7. Alternatively, cDNAs were 649 

subjected to qPCR using KOD SYBR qPCR Mix (TOYOBO) in the StepOnePlus Real-time 650 

PCR system (Thermo Fisher Scientific) (1 µL of cDNA per 10 µL reaction). All primer sets 651 

used for SYBR Green chemistry (Table S6) were first confirmed for the amplification rate 652 

(98-100%) using 10-106 copies (10-fold dilution) of pOka-BAC genome or VLT plasmid 653 

(Depledge et al., 2018b) and the lack of non-specific amplification using water. The qPCR 654 

program is as follows; 95°C for 2 min (1 cycle), 95°C for 10 sec and 60°C 15 sec (40 cycles), 655 

and 60 to 95°C for a dissociation curve analysis. Data is presented as relative VZV level to 656 

cellular beta-actin defined as 2-(Ct-value VZV gene - Ct-value beta-actin). 657 

 658 
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Immunofluorescence staining. ARPE-19 cells were plated on glass coverslips in 24-wells 659 

plates one day prior to infection. Cells were inoculated with freshly harvested cell-free VZV 660 

EMC-1 in medium with or without 400 µg/mL PAA and incubated for 24 hrs. Infected cells 661 

were fixed with 4% PFA,  permeabilized for 10 min with 0.1% Triton-X100 in PBS, blocked 662 

with 5% goat serum diluted in 0.2% gelatin-PBS solution and incubated on 30 µL 0.2% 663 

gelatin-PBS droplets containing primary antibody overnight at 4°C. The following primary 664 

antibodies were used: anti-pORF61 antibody (1:1000, gift from Dr. P. Kinchington) and 665 

monoclonal mouse anti-pORF62 antibody (1:200) (Lenac Rovis et al., 2013). Cells were 666 

washed 3-times with 0.2% gelatin-PBS and incubated for 1hr at room temperature with 667 

secondary antibodies diluted in 0.2% gelatin-PBS. The following secondary antibodies were 668 

used: AF488-conjugated goat anti-rabbit Ig (H+L) antibody (1:500; Thermo-Fisher) and 669 

AF594-conjugated goat anti-mouse Ig (H+L) antibody (1:500; Thermo-Fisher). Cells were 670 

washed once with 0.2% gelatin-PBS, washed once with PBS, incubated with a 1:1000 671 

dilution of Hoechst 33342 (Life Technologies, 20 mM) in PBS for 5 min, washed with PBS 672 

and mounted using Prolong Gold Antifade Mounting medium (Thermo Fisher). Stained cells 673 

were analyzed using a Zeiss LSM 700 confocal laser scanning microscope (Zeiss) with a 674 

magnification of 400x or 1,000x. Photoshop CC 2019 software (Adobe) was used to adjust 675 

brightness and contrast. 676 

 677 

Illumina RNA sequencing and analysis. Stranded RNA libraries were prepared from 678 

poly(A)-selected RNA using the NEBNext® Ultra™ II Directional RNA Library Prep Kit for 679 

Illumina (New England Biolabs) and sequenced using a NextSeq 550. Sequence reads were 680 

trimmed using TrimGalore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) 681 

(--paired --length 30 –quality 30) and aligned against the VZV reference genome (strain 682 

Dumas, NC_001348.1) using BBMAP (https://sourceforge.net/projects/bbmap/) with post-683 

alignment processing performed using SAMtools (Li et al., 2009) and BEDtools (Quinlan and 684 

Hall, 2010) to generate BEDGRAPH and BED12 files. Candidate CPAS were identified using 685 
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ContextMap2 (Bonfert et al., 2015) (-aligner_name bowtie --polyA –strand-specific) with 686 

sequence reads aligned to VZV Dumas under default parameters by BWA (Li and Durbin, 687 

2009). 688 

 689 

Cap analysis of gene expression (CAGE) sequencing and analysis. Two biological 690 

replicates of total RNA were extracted from ARPE-19 cells infected with VZV pOka for 96 hrs 691 

and CAGE-Seq libraries prepared by DNAFORM (Yokohama, Japan) and subsequently 692 

sequenced using an Illumina NextSeq 550, as previously described (Murata et al., 2014). 693 

Resulting sequence reads were trimmed (--length 30 --q 30 --clip_R1 1) using TrimGalore 694 

prior to alignment against the VZV Dumas genome using BBMAP. Post-alignment 695 

processing was performed using SAMtools and BEDtools. TSS were identified using the 696 

HOMER findPeaks module (-style tss -localSize 100 -size 15). Only TSS present in both 697 

biological replicates were retained for analysis. 698 

 699 

Nanopore direct RNA sequencing. For each biological sample, up to 1,000 ng of poly(A) 700 

RNA was isolated from up to 50 µg of total RNA using the Dynabeads™ mRNA Purification 701 

Kit (Invitrogen, 61006). Isolated poly(A) RNA was subsequently spiked with 0.3 µL of a 702 

synthetic Enolase 2 (ENO2) calibration RNA (Oxford Nanopore Technologies Ltd.) and 703 

dRNA-Seq libraries prepared as described previously (Depledge et al., 2019). Sequencing 704 

was performed on a MinION MkIb using R9.4.1 (rev D) flow cells (Oxford Nanopore 705 

Technologies Ltd.) for 18 – 44 hrs (one library per flowcell) and yielded between 720,000 – 706 

1,290,000 reads per dataset (Table S4). Raw fast5 datasets were then basecalled using 707 

Guppy v3.2.2 (-f FLO-MIN106 -k SQK-RNA002) with only reads in the pass folder used for 708 

subsequent analyses. Sequence reads were aligned against the VZV Dumas genome, using 709 

MiniMap2 (Li, 2018) (-ax splice -k14 -uf --secondary=no), with subsequent parsing through 710 
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SAMtools and BEDtools. Here sequence reads were filtered to retain only primary 711 

alignments (Alignment flag 0 (top strand) or 16 (bottom strand)).  712 

 713 

Splice junction correction in dRNA-Seq alignments. Illumina-assisted correction of splice 714 

junctions in RNA-Seq data was performed using FLAIR v1.3 (Tang et al., 2020) in a 715 

stranded manner. Briefly, Illumina reads aligning to the VZV Dumas genome were split 716 

according to orientation and mapping strand [ -f83 & -f163 (forward) and -f99 & -f147 717 

(reverse) ] and used to produce strand-specific junction files that were filtered to remove 718 

junctions supported by less than 50 Illumina reads. Direct RNA-Seq reads were similarly 719 

aligned to the Ad5 genome and separated according to orientation [-F4095 (forward) and -720 

f16 (reverse)] prior to correction using the FLAIR correct module (default parameters). 721 

FLAIR-corrected alignments were used for all subsequent downstream analyses. 722 

 723 

TSS and CPAS identification in dRNA-Seq data. TSS and CPAS were identified by 724 

parsing SAM files to BED12 files in a strand-specific manner using BEDtools, and then 725 

truncating each aligned sequence read to its 5’ or 3’ termini for TSS and CPAS identification, 726 

respectively. Peak regions containing TSS and CPAS were identified using the HOMER 727 

findpeaks module (-o auto -style tss) using a --localSize of 100 and 500 and --size of 15 and 728 

50 for TSS and CPAS, respectively. TSS peaks were compared against Illumina annotated 729 

splice sites to identify and remove peak artefacts derived from local alignment errors around 730 

splice junctions. 38 putative TSS identified in the dRNA-Seq dataset alone were flagged as 731 

artefacts and removed. Each of these TSS mapped precisely to a splice acceptor within a 732 

spliced RNA and closer inspection of the reads showed these to result from local alignment 733 

processes (Depledge et al., 2019).   734 

 735 
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Generating RNA abundance counts from dRNA-Seq data. Using the updated VZV strain 736 

Dumas annotation presented here, we generated a transcriptome database by parsing our 737 

GFF3 file to a BED12 file using the gff3ToGenePred and genePredtoBED functions within 738 

UCSCutils (https://github.com/itsvenu/UCSC-Utils-Download) and subsequently extracting a 739 

fasta sequence for each annotated RNA using the getfasta function within BEDtools. dRNA-740 

Seq reads were then aligned against the transcriptome database using parameters 741 

optimized for transcriptome-level alignment (minimap2 -ax map-ont -p 0.99). RNA counts 742 

were generated by counting alignments against a given RNA only if the alignment 5’ end 743 

was located within the first 50 nt of the RNA and the alignment was not marked as 744 

supplementary.  745 

 746 

In silico prediction of coding potential. CPC 2.0 (Kang et al., 2017) was used to examine 747 

the coding potential of all VZV RNAs defined in this study (Table S3). Note that RNAs were 748 

excluded from CPC 2.0 analysis and defined at putatively non-coding if no proteins greater 749 

than fifty amino acids in length were encoded. 750 

 751 

Data visualization. Figures associated with this study were generated using the R 752 

packages Gviz (Hahne and Ivanek, 2016) and GenomicRanges (Lawrence et al., 2013).  753 

 754 

Data availability. All sequencing datasets associated with this study are available via the 755 

European Nucleotide Archive under the accession PRJEB36978. Analysed datasets 756 

generated as part of this study, including a database of transcripts, BED12 alignment files, 757 

and GFF3 files describing our VZV annotation are freely available at 758 

https://github.com/dandepledge/vzv-2.0.   759 

  760 
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Supplemental Information titles and legends.  761 

 762 

Figure S1. Related to Figure 2. Confirmation of selected novel viral RNAs expressed 763 

during lytic VZV infection. The structure and location of selected VZV transcripts are 764 

shown alongside gel images confirming their expression. Illumina RNA-Seq (light blue) and 765 

Nanopore dRNA-Seq (teal) coverage plots are derived from 96 hr cell-associated infections 766 

of ARPE-19 epithelial cells. Transcript colours denote their status as canonical (grey), 767 

variant (orange), fusion (blue), or putatively non-coding (red). RT-PCR was performed on 768 

RNA extracted from ARPE-19 cells infected with cell-free VZV EMC-1 for 72 hours. RT+ / 769 

RT-: reverse transcriptase added or omitted during cDNA synthesis. (A) left gel: 770 

ORF9var_Fw – ORF9var_Rv: 1: unspliced, 2: splice variant 1, 3: splice variant 2, right gel: 771 

ORF9var_Fw – ORF9var1_spliceRv, ORF9var_Fw – ORF9var2_splice_Rv. ,(B) left gel: 772 

ORF48_Fw – ORF48_Rv: 1: unspliced, 2: spliced, right gel: ORF48_Fw – ORF48_spliceRv. 773 

(C) ORF12-13_Fw – ORF12-13_Rv: ORF12-13 fusion RNA. (D). ORF31-32_Fw – ORF31-774 

32_Rv_#1 or ORF31-32_Fw – ORF31-32_Rv_#2. RNA31-32 fusion RNA (E) ORF13-5_Fw 775 

– ORF13-5_Rv: RNA13.5-1. (F) VZV_ORF43A_Fw – ORF43.5_Rv: RNA 43-2; 1: unspliced, 776 

2: spliced.  777 

 778 

Figure S2. Related to Figure 2. Functional analysis of VZV RNA 43-2. (A-C) ARPE-19 779 

cell lines stably expressing empty pcDNA3.1 (black) or RNA 43-2 (light blue) were 780 

generated. Squares, circles and triangles represent the 3 independently generated stable 781 

ARPE-19 cell lines. (A-C) Cells were infected with cell-free VZV EMC-1. (A) Percentage of 782 

VZV-infected cells (glycoprotein E [gE]-positive) at 48 hpi or 72 hpi determined by flow 783 

cytometry. (B) Relative plaque size (normalized to empty pcDNA3.1 transfected cell lines) at 784 

72 hpi. (C) Relative expression of RNA 43-1 and RNA 62-1 (normalized to β-actin 785 

transcripts) at 24 hpi.  786 
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 787 

Figure S3. VZV transcriptome diversity is consistent between viral strains. Coverage 788 

plots derived from Nanopore dRNA-Seq of VZV strain pOka (blue) and VZV strain EMC-1 789 

(red)-infected ARPE-19 cells at 96 hpi. Note that while relative and absolute abundances of 790 

distinct VZV RNAs differ between strains, all RNAs included in our annotation are 791 

represented. Y-axis denote coverage range. Canonical (grey), alternative (orange), fusion 792 

(dark blue) and putative ncRNAs (red) are shown with canonical CDS regions indicated by 793 

wide boxes and UTRs shown as thin boxes. The absence of a CDS region indicates that an 794 

RNA has uncertain coding potential. The reiterative repeat regions R1-R5 and both copies of 795 

the OriS are shown as black boxes embedded in the genome track. The scatter plot shows 796 

the correlation between VZV transcript abundance in VZV EMC-1-infected and VZV pOka-797 

infected ARPE-19 cells. Pearson R2 and p-value are indicated. 798 

 799 

Figure S4. Related to Figure 3. Expression of ORF0 RNA isoforms during lytic 800 

infection of ARPE-19 cells with VZV pOka and EMC-1. Identical TSS and CPAS sites 801 

were detected in ARPE-19 cells infected with cell-free VZV pOka (VZV clade 2; yellow) or -802 

EMC-1 (VZV clade 1; green) at 96 hpi, yielding two ORF0 RNA isoforms. However, due to 803 

nucleotide variability between both strains, VZV pOka RNA 0-1 includes a larger CDS and 804 

can encode an alternative ORF0 protein variant, compared to VZV EMC-1. Nanopore dRNA-805 

Seq (teal) coverage plots are shown. Y-axis values indicate the maximum read depth of that 806 

specific track. CDS regions and UTRs are shown as wide and thin boxes, respectively.  807 

 808 

Figure S5. VZV transcriptome diversity is consistent between infected cell types. 809 

Coverage plots derived from Nanopore dRNA-Seq of VZV pOka infected ARPE-19 cells 810 

(blue) and hESC-derived neurons (purple). RNA was collected at 96 hpi (ARPE-19 cells) or 811 

144 hpi (neurons). Note that while relative and absolute abundances of distinct VZV RNAs 812 
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differ between cell types, all RNAs included in our annotation are represented. Y-axis denote 813 

coverage range. Canonical (grey), alternative (orange), fusion (dark blue) and putative 814 

ncRNAs (red) are shown with canonical CDS regions indicated by wide boxes and UTRs 815 

shown as thin boxes. The absence of CDS region indicates that the respective VZV RNA 816 

has an uncertain coding potential. Reiterative repeat regions R1-R5 and both copies of the 817 

OriS are shown as black boxes embedded in the genome track. The scatter plot shows the 818 

correlation between VZV transcript abundance in hESC-derived neurons and ARPE-19 cells. 819 

Pearson R2 and p-value are indicated. 820 

 821 

Figure S6. Related to Figure 4. Kinetic class of viral RNAs expressed during lytic VZV 822 

infection of ARPE-19 cells. (A) Coverage plots derived from Illumina RNA-Seq of ARPE-19 823 

cells infected with cell-free VZV EMC-1 and treated with actinomycin D (ActD; grey), 824 

cycloheximide (CHX; green), phosphonoacetic acid (PAA; gold), or untreated (UNT; red). Y-825 

axis denotes coverage range. All transcripts are colour-coded according to their assigned 826 

kinetic class: IE – green, E – gold, LL – red, TL – dark red. Canonical CDS regions are 827 

indicated by wide boxes with UTRs shown as thin boxes. Absence of CDS region indicates 828 

that an RNA has an uncertain coding potential. Reiterative repeat regions R1-R5 and both 829 

copies of the OriS are shown as black boxes embedded in the genome track. (B) The inset 830 

black hatched box presents a close-up view of the RNA 9 locus. 831 

 832 

Figure S7. Related to Figure 6. ORF62 transcripts are expressed with Late kinetics 833 

during VZV infection. (A-C) ARPE-19 cells, hESC-derived neurons and MRC-5 cells were 834 

infected with cell-free VZV strain pOka for 20-24 hours in the presence or absence of 835 

phosphonoformic acid. Fold change in gene expression in phosphonoformic acid-treated 836 

samples relative to untreated samples (calibrator) and normalized to β-actin using the 2-ΔΔCt 
837 

method. (D-E) Representative images of VZV strain EMC-1-infected MRC-5 (D) and MeWo 838 
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(E) cells immunofluorescently stained for pORF61 (green) and pORF62 (red). Nuclei were 839 

counterstained with Hoechst (blue). Top row: 400x magnification, bottom rows: 1000x 840 

magnification.  841 

 842 

Figure S8. Splicing patterns in the VZV transcriptome. Twenty-eight VZV transcripts 843 

comprise two or more exons. The consensus (A) splice donor and (B) splice acceptor motifs 844 

were derived using WebLogo (Crooks et al., 2004).  845 

  846 
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 1085 

 1086 

Figure 1. Decoding the complexity of the lytic VZV transcriptome. (A) Experimental strategy: ARPE-19 cells 1087 

and hESC-derived neurons were infected with VZV EMC-1 (Clade 1) or -pOka (Clade 2) for 96 hrs. Total RNA 1088 

was extracted and poly(A) fraction isolated for sequencing by Illumina CAGE-Seq, Illumina RNA-Seq and/or 1089 

Nanopore dRNA-Seq. Sequence data were aligned against the VZV strain Dumas reference genome (Genbank 1090 

Accession: NC_001348.1) and visualized using the Integrative Genomics Viewer (IGV) (Thorvaldsdóttir et al., 1091 

2013) and GVIZ (Hahne and Ivanek, 2016). (B) Transcription start sites (TSS) as well as cleavage and 1092 

polyadenylation sites (CPAS) were identified in nanopore and Illumina datasets. Histograms show the distances 1093 

observed between nanopore and Illumina predictions, while inset Venn diagrams indicate the numbers of sites 1094 

identified and their conservation between datasets. (C) Integration of Illumina RNA-Seq, Illumina CAGE-Seq and 1095 

Nanopore dRNA-Seq datasets. Coverage plots for Illumina RNA-Seq (light-blue), CAGE-Seq (red) and Nanopore 1096 

dRNA-Seq (teal) are integrated with pileup data that maps TSS (red) and CPAS (black). Rows denoted by TSS 1097 

and CPAS indicate positions of TSS and CPAS identified using HOMER software (Heinz et al., 2010) for 1098 

nanopore dRNA-Seq and Illumina CAGE-Seq data and ContextMap2 software (Bonfert et al., 2015) for Illumina 1099 

RNA-Seq data. Conserved TSS and CPAS are indicated with blue asterisks. RNA structures (grey) are inferred 1100 

from these conserved sites. Wide and thin boxes indicate canonical coding sequence (CDS) domains and 1101 

untranslated regions (UTRs), respectively. Novel identified RNAs (orange) are shown without predicted CDS 1102 

domains.  1103 

 1104 

 1105 

 1106 
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 1108 

Figure 2. Reannotation of the lytic VZV transcriptome reveals novel viral transcript isoforms, fusion 1109 

transcripts and putative noncoding RNAs. The reannotated lytic VZV transcriptome includes 71 transcripts 1110 

encoding canonical ORFs with their UTRs defined (grey), 39 alternative isoforms of existing RNAs (orange), 7 1111 

fusion RNAs (dark blue) and 19 novel polyadenylated RNAs (red). Wide and thin boxes indicate canonical CDS 1112 

domains and while thin boxes indicate UTRs, respectively. Absence of CDS regions indicates that the respective 1113 

VZV RNA has an uncertain coding potential. Illumina RNA-Seq (light blue) and nanopore dRNA-Seq (teal) 1114 

coverage plots are derived from ARPE-19 cells lytically infected with VZV strain pOka for 96 hr. Y-axis values 1115 

indicate the maximum read depth of that track. See also Figures S1 and S2. Reiterative repeat regions R1-R5 1116 

and both copies of the OriS are shown as black boxes embedded in the genome track. 1117 
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 1119 

 1120 

 1121 

 1122 

 1123 

Figure 3. Examples of specific variant and fusion viral RNAs expressed during lytic VZV infection. (A-D) 1124 

Examples of variant transcripts encoding ORF0 (A) and ORF50 (B) and novel fusion transcripts encoding (parts 1125 

of) ORF12 and ORF13 (C), and ORF31 and ORF32 (D). Illumina RNA-Seq (light blue) and nanopore dRNA-Seq 1126 

(teal) coverage plots are derived from ARPE-19 cells lytically infected with VZV strain pOka for 96 hr. Fusion 1127 

RNAs are shown in dark blue, with variant RNAs shown in orange and canonical RNAs in grey. Hashed red bar 1128 

indicates the position of the genome termini. Genome coordinates are shown while strand is indicated by 1129 

placement of the genome track (below: top strand, above: bottom strand). Y-axes denote transcript per million 1130 

(TPM) counts. See also Figure S4.  1131 
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 1139 

 1140 

 1141 

 1142 

 1143 

1144 
Figure 4. Decoding the kinetic class of VZV transcripts during lytic infection. Coverage plots derived from 1145 

dRNA-Seq of ARPE-19 cells infected with cell-free VZV EMC-1 and treated with cycloheximide (CHX; green) for 1146 

12 hrs, phosphonoacetic acid (PAA; gold) for 24 hrs, or untreated (UNT; red) for 24 hrs. Corresponding Illumina 1147 

RNA-Seq coverage plot for each condition are shown as dark blue line plots. Y-axis denotes coverage range (left 1148 

side: nanopore dRNA-Seq, right-side: Illumina RNA-Seq). Reannotated VZV genome is shown in the middle 1149 

track. CDS regions and UTRs are shown as wide and thin boxes, respectively. Reiterative repeat regions R1-R5 1150 

and both copies of the OriS are shown as black boxes embedded in the genome track. See also Figure S6. 1151 

Canonical (grey), alternative (orange), fusion (dark blue) transcripts and putative ncRNAs (red) are shown with 1152 

canonical CDS regions UTRs. Absence of CDS regions indicate that the respective RNAs have uncertain coding 1153 

potential.  1154 
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 1159 

 1160 

Figure 5. Transcriptional classification of VZV transcripts. The kinetic class of all viral RNAs included in our 1161 

reannotated VZV genome was based on their differential expression in lytically VZV-infected ARPE-19 cells 1162 

treated with cycloheximide (CHX; green), phosphonoacetic acid (PAA; gold), or untreated (UNT; red) (Figure 4). 1163 

Viral immediate-early (IE) RNAs were assigned as those expressed proportionally highest in CHX-treated VZV-1164 

infected ARPE-19 cells. Viral early (E) RNAs were assigned as those expressed with proportional distribution in 1165 

PAA-treated samples of at least 50% of the untreated VZV-infected ARPE-19 cells. Viral leaky late (LL) RNAs 1166 

were those expressed at a proportional distribution in PAA-treated samples of at least 5% of the untreated VZV-1167 

infected ARPE-19 cells. Viral true late (TL) RNAs were those that were only detected in untreated VZV-infected 1168 

ARPE-19 cells. Y-axis indicates the fractional representation of each specific RNA as percentage of the total 1169 

number VZV transcripts detected in the respective (un)treated VZV-infected ARPE-19 cells. 1170 

 1171 
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 1174 
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 1176 

 1177 

 1178 

 1179 

Figure 6. ORF62 transcripts are expressed with Late kinetics during lytic VZV infection. Cell-cycle 1180 

synchronized human ARPE-19 (epithelial), SH-SY5Y (neuroblastoma), MRC-5 (fibroblast) and MeWo 1181 

(melanoma) cells were infected with cell-free VZV EMC-1 for 24 hr in the presence or absence of PAA. (A) Fold 1182 

change ORF61, ORF62 and ORF63 gene expression in PAA-treated samples relative to untreated samples 1183 

(calibrator) and normalized to GAPDH using the 2-ΔΔCt method. In 1 of 3 experiments, PAA-treatment reduced 1184 

VLT expression to below detection limit. qPCR probes direct to ORF62 recognize all three transcript variants 1185 

(RNA62-1, 62-2 and 62-3). (B) Representative images of lytically VZV-infected ARPE-19 cells stained by 1186 

immunofluorescence for pORF61 (green) and pORF62 protein (red). Nuclei were counterstained with Hoechst 1187 

33342 (blue). Top row: 400x magnification, bottom rows: 1000x magnification. See also Figure S7.  1188 
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 1192 

 1193 

 1194 

Figure S1. Related to Figure 2. Confirmation of selected novel viral RNAs expressed during lytic VZV 1195 

infection. The structure and location of selected VZV transcripts are shown alongside gel images confirming 1196 

their expression. Illumina RNA-Seq (light blue) and Nanopore dRNA-Seq (teal) coverage plots are derived from 1197 

96 hr cell-associated infections of ARPE-19 epithelial cells. Transcript colours denote their status as canonical 1198 

(grey), variant (orange), fusion (blue), or putatively non-coding (red). RT-PCR was performed on RNA extracted 1199 

from ARPE-19 cells infected with cell-free VZV EMC-1 for 72 hours. RT+ / RT-: reverse transcriptase added or 1200 

omitted during cDNA synthesis. (A) left gel: ORF9var_Fw – ORF9var_Rv: 1: unspliced, 2: splice variant 1, 3: 1201 

splice variant 2, right gel: ORF9var_Fw – ORF9var1_spliceRv, ORF9var_Fw – ORF9var2_splice_Rv. ,(B) left gel: 1202 

ORF48_Fw – ORF48_Rv: 1: unspliced, 2: spliced, right gel: ORF48_Fw – ORF48_spliceRv. (C) ORF12-13_Fw – 1203 

ORF12-13_Rv: ORF12-13 fusion RNA. (D). ORF31-32_Fw – ORF31-32_Rv_#1 or ORF31-32_Fw – ORF31-1204 

32_Rv_#2. RNA31-32 fusion RNA (E) ORF13-5_Fw – ORF13-5_Rv: RNA13.5-1. (F) VZV_ORF43A_Fw – 1205 

ORF43.5_Rv: RNA 43-2; 1: unspliced, 2: spliced.  1206 
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 1207 
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 1209 

 1210 

 1211 

 1212 

 1213 

 1214 

Figure S2. Related to Figure 2. Functional analysis of VZV RNA 43-2. (A-C) ARPE-19 cell lines stably 1215 

expressing empty pcDNA3.1 (black) or RNA 43-2 (light blue) were generated. Squares, circles and triangles 1216 

represent the 3 independently generated stable ARPE-19 cell lines. (A-C) Cells were infected with cell-free VZV 1217 

EMC-1. (A) Percentage of VZV-infected cells (glycoprotein E [gE]-positive) at 48 hpi or 72 hpi determined by flow 1218 

cytometry. (B) Relative plaque size (normalized to empty pcDNA3.1 transfected cell lines) at 72 hpi. (C) Relative 1219 

expression of RNA 43-1 and RNA 62-1 (normalized to β-actin transcripts) at 24 hpi.  1220 
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 1230 

 1231 

 1232 

 1233 

 1234 

 1235 

Figure S3. VZV transcriptome diversity is consistent between viral strains. Coverage plots derived from 1236 

Nanopore dRNA-Seq of VZV strain pOka (blue) and VZV strain EMC-1 (red)-infected ARPE-19 cells at 96 hpi. 1237 

Note that while relative and absolute abundances of distinct VZV RNAs differ between strains, all RNAs included 1238 

in our annotation are represented. Y-axis denote coverage range. Canonical (grey), alternative (orange), fusion 1239 

(dark blue) and putative ncRNAs (red) are shown with canonical CDS regions indicated by wide boxes and UTRs 1240 

shown as thin boxes. The absence of a CDS region indicates that an RNA has uncertain coding potential. The 1241 

reiterative repeat regions R1-R5 and both copies of the OriS are shown as black boxes embedded in the genome 1242 

track. The scatter plot shows the correlation between VZV transcript abundance in VZV EMC-1-infected and VZV 1243 

pOka-infected ARPE-19 cells. Pearson R2 and p-value are indicated. 1244 
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 1255 

 1256 

Figure S4. Related to Figure 3. Expression of ORF0 RNA isoforms during lytic infection of ARPE-19 cells 1257 

with VZV pOka and EMC-1. Identical TSS and CPAS sites were detected in ARPE-19 cells infected with cell-1258 

free VZV pOka (VZV clade 2; yellow) or -EMC-1 (VZV clade 1; green) at 96 hpi, yielding two ORF0 RNA 1259 

isoforms. However, due to nucleotide variability between both strains, VZV pOka RNA 0-1 includes a larger CDS 1260 

and can encode an alternative ORF0 protein variant, compared to VZV EMC-1. Nanopore dRNA-Seq (teal) 1261 

coverage plots are shown. Y-axis values indicate the maximum read depth of that specific track. CDS regions 1262 

and UTRs are shown as wide and thin boxes, respectively.  1263 
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 1269 

 1270 

 1271 

 1272 

 1273 

 1274 

Figure S5. VZV transcriptome diversity is consistent between infected cell types. Coverage plots derived 1275 

from Nanopore dRNA-Seq of VZV pOka infected ARPE-19 cells (blue) and hESC-derived neurons (purple). RNA 1276 

was collected at 96 hpi (ARPE-19 cells) or 144 hpi (neurons). Note that while relative and absolute abundances 1277 

of distinct VZV RNAs differ between cell types, all RNAs included in our annotation are represented. Y-axis 1278 

denote coverage range. Canonical (grey), alternative (orange), fusion (dark blue) and putative ncRNAs (red) are 1279 

shown with canonical CDS regions indicated by wide boxes and UTRs shown as thin boxes. The absence of 1280 

CDS region indicates that the respective VZV RNA has an uncertain coding potential. Reiterative repeat regions 1281 

R1-R5 and both copies of the OriS are shown as black boxes embedded in the genome track. The scatter plot 1282 

shows the correlation between VZV transcript abundance in hESC-derived neurons and ARPE-19 cells. Pearson 1283 

R2 and p-value are indicated. 1284 
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 1296 

Figure S6. Related to Figure 4. Kinetic class of viral RNAs expressed during lytic VZV infection of ARPE-1297 

19 cells. (A) Coverage plots derived from Illumina RNA-Seq of ARPE-19 cells infected with cell-free VZV EMC-1 1298 

and treated with actinomycin D (ActD; grey), cycloheximide (CHX; green), phosphonoacetic acid (PAA; gold), or 1299 

untreated (UNT; red). Y-axis denotes coverage range. All transcripts are colour-coded according to their 1300 

assigned kinetic class: IE – green, E – gold, LL – red, TL – dark red. Canonical CDS regions are indicated by 1301 

wide boxes with UTRs shown as thin boxes. Absence of CDS region indicates that an RNA has an uncertain 1302 

coding potential. Reiterative repeat regions R1-R5 and both copies of the OriS are shown as black boxes 1303 

embedded in the genome track. (B) The inset black hatched box presents a close-up view of the RNA 9 locus. 1304 
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 1315 

 1316 

 1317 

Figure S7. Related to Figure 6. ORF62 transcripts are expressed with Late kinetics during VZV infection. 1318 

(A-C) ARPE-19 cells, hESC-derived neurons and MRC-5 cells were infected with cell-free VZV strain pOka for 1319 

20-24 hours in the presence or absence of phosphonoformic acid. Fold change in gene expression in 1320 

phosphonoformic acid-treated samples relative to untreated samples (calibrator) and normalized to β-actin using 1321 

the 2-ΔΔCt method. (D-E) Representative images of VZV strain EMC-1-infected MRC-5 (D) and MeWo (E) cells 1322 

immunofluorescently stained for pORF61 (green) and pORF62 (red). Nuclei were counterstained with Hoechst 1323 

(blue). Top row: 400x magnification, bottom rows: 1000x magnification.  1324 
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 1340 

 1341 

Figure S8. Splicing patterns in the VZV transcriptome. Twenty-eight VZV transcripts comprise two or more 1342 

exons. The consensus (A) splice donor and (B) splice acceptor motifs were derived using WebLogo (Crooks et 1343 

al., 2004).  1344 
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