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Coding-Complete Genome Sequences of Copenhagen and
Copenhagen-Derived vP811 Strains of Vaccinia Virus Isolated
from Cell Culture

Mariann Landsberger,a,b Joshua Quick,b Jason Mercera,b

aMRC Laboratory for Molecular Cell Biology, University College London, London, United Kingdom
bInstitute of Microbiology and Infection, School of Biosciences, University of Birmingham, Birmingham, United Kingdom

ABSTRACT The coding-complete genomes of laboratory vaccinia virus strain Copenhagen
and the Copenhagen-derived deletion strain, vP811, were determined by short-read
sequencing. Relative to the NCBI reference genome M35027, seven common coding
differences were revealed, including an intact copy of the vaccinia virus immunomodulator
A46R in both Cop and vP811.

Vaccinia virus (VACV), a member of the Orthopoxvirus genus and Poxviridae family, was
used to eradicate smallpox and vaccinate against monkeypox (1). The linear double-

stranded DNA genome of VACV strain Copenhagen (Cop) is 191,636 bp and predicted to
encode 263 genes (2) (M35027.1). The Cop deletion mutant vP811 was generated by
deleting genes J2R, A26L, and A56R, replacing the region between the left inverted
terminal repeat (ITR) and F4L with the Escherichia coli xanthine-guanine phosphoribosyl-
transferase gene, and swapping the region from B13L to the right ITR with Cop C7L (3). To
date, neither the genome sequence of vP811 nor any updated Cop genome information
has been deposited.

Laboratory Cop and vP811 stocks were obtained from the University of Alberta and
stored in 1 mM Tris buffer, pH 9, at 280°C. Confluent monolayers of BSC-40 cells (ATCC
CRL-2761) were infected at a multiplicity of infection of 0.02, and genomic viral DNA was
obtained by phenol-chloroform extraction 3 days postinfection as described previously (4, 5).

Purified DNA was subjected to short-read sequencing (Genewiz, Germany). This included
library preparation (NEBNext Ultra II DNA library preparation kit), sequencing with Illumina
NovaSeq6000 using 2 � 150 paired-end configuration, and conversion of raw data into
demultiplexed FASTQ files (bcl2fasq).

Default software parameters were used in the following procedures. Totals of 22,559,466
and 27,604,708 paired-end Cop and vP811 reads were randomly subsampled to 50,000 and
100,000 (Seqtk) (6). Subsampled Cop and vP811 reads had an average length of 144.6 and
140.4 nucleotides (nt) and mean quality scores of 35.4 and 35.35 (fastqcr) (7), respectively.
They were used as input for de novo assembly in SPAdes v3.13.0 (8). Cop reads yielded a
167,603-nt contig with 25.2� and an 8,157-nt contig with 49.5� average sequencing cov-
erage. The latter aligned to the coding region of the ITRs as determined by pairwise align-
ment with M35027 (Geneious Prime version 2022.1.1). The coding-complete Cop genome
was assembled manually by adding ITR coding regions to the central genome. The assembly
of vP811 reads resulted in a 134,690-nt contig with 20.7� average sequencing coverage.
M35027 was used to annotate assemblies using the transfer annotation function and
manually curated where necessary (Geneious).

The coding-complete genomic Cop and vP811 sequences consisted of 183,917 bp
(33.5% GC) and 134,690 bp (33.4% GC), with 261 versus 184 predicted genes, respectively.
Pairwise alignment with M35027 revealed 7 (Cop)/6 (vP811) intergenic or silent mutations,
14 (Cop)/11 (vP811) missense mutations, and frameshifts (Table 1). A 41-amino-acid (aa)
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deletion in A25L (vP811), not described in the initial study (3), was found to be a by-product
of the A26L deletion process (9). Mapping of raw reads from two transcriptome sequencing
(RNA-seq) studies to M35027 using minimap2 (10), SAMtools (11), IGV (12), and pairwise
alignment of de novo assemblies with VACV strain Western Reserve (WR, AY243312.1)
indicated that all differences in the Cop sample were present in the Cop virus used by
Mehta et al. (13) and the Sementis Copenhagen vector and WR (14). The Toll-like recep-
tor signaling antagonist A46R in both Cop and vP811 was identical to their functional
WR homolog despite the original 1990 sequence encoding a truncated version (15, 16).

Data availability. Sequences have been deposited in GenBank under accession
numbers OP868847 and OP868848. The raw reads were deposited in the NCBI Sequence
Read Archive (SRA) under the accession numbers PRJNA902654, SRR22318734, and
SRR22318733.

ACKNOWLEDGMENTS
We thank David Evans (University of Alberta) for providing the viruses that were

used in this study and Samuel Wilkinson for advice on sequence assembly.
This work was funded by an MRC Programme grant (MC_UU_00012/7; to J.M.), the MRC

(MR/K015826/1; to J.M.), and a UKRI Future Leaders Fellowship (to J.Q.). M.L. is supported by
the IMI dynamic investment fund.

REFERENCES
1. Sánchez-Sampedro L, Perdiguero B, Mejías-Pérez E, García-Arriaza J, Di Pilato

M, Esteban M. 2015. The evolution of poxvirus vaccines. Viruses 7:1726–1803.
https://doi.org/10.3390/v7041726.

2. Goebel SJ, Johnson GP, Perkus ME, Davis SW, Winslow JP, Paoletti E. 1990.
The complete DNA sequence of vaccinia virus. Virology 179:247–266. https://
doi.org/10.1016/0042-6822(90)90294-2.

3. Perkus ME, Goebel SJ, Davis SW, Johnson GP, Norton EK, Paoletti E. 1991.
Deletion of 55 open reading frames from the termini of vaccinia virus. Vi-
rology 180:406–410. https://doi.org/10.1016/0042-6822(91)90047-f.

4. Wood JJ, White IJ, Samolej J, Mercer J. 2021. Acrylamide inhibits vaccinia
virus through vimentin-independent anti-viral granule formation. Cell Micro-
biol 23:e13334. https://doi.org/10.1111/cmi.13334.

5. Kotwal GJ, Abrahams MR. 2004. Growing poxviruses and determining virus ti-
ter. MethodsMol Biol 269:101–112. https://doi.org/10.1385/1-59259-789-0:101.

6. Li H. 2018. Seqtk: toolkit for processing sequences in FASTA/q formats.
GitHub. https://github.com/lh3/seqtk.

7. Kassambara A. 2019. fastqcr: quality control of sequencing data. R pack-
age version 0.2.1. https://CRAN.R-project.org/package=fastqcr.

8. Bankevich A, Nurk S, Antipov D, Gurevich A, Dvorkin M, Kulikov AS, Lesin
V, Nikolenko S, Pham S, Prjibelski A, Pyshkin A, Sirotkin A, Vyahhi N, Tesler G,
Alekseyev MA, Pevzner PA. 2012. SPAdes: a new genome assembly algorithm
and its applications to single-cell sequencing. J Comput Biol 19:455–477.
https://doi.org/10.1089/cmb.2012.0021.

9. Tartaglia J, Perkus ME, Taylor J, Norton EK, Audonnet JC, Cox WI, Davis SW,
van der Hoeven J, Meignier B, Riviere M, Languet B, Paoletti E. 1992. NYVAC:
a highly attenuated strain of vaccinia virus. Virology 188:217–232. https://doi
.org/10.1016/0042-6822(92)90752-b.

10. Li H. 2021. New strategies to improve minimap2 alignment accuracy.
Bioinformatics 37:4572–4574. https://doi.org/10.1093/bioinformatics/
btab705.

11. Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, Whitwham
A, Keane T, McCarthy SA, Davies RM, Li H. 2021. Twelve years of SAMtools
and BCFtools. Gigascience 10:giab008. https://doi.org/10.1093/gigascience/
giab008.

12. Robinson JT, Thorvaldsdóttir H, Wenger AM, Zehir A, Mesirov JP. 2017.
Variant review with the Integrative Genomics Viewer (IGV). Cancer Res 77:
e31–e34. https://doi.org/10.1158/0008-5472.CAN-17-0337.

13. Mehta N, Enwere EK, Santos TD, Saffran HA, Hazes B, Evans D, Barry M,
Smiley JR. 2018. Expression of the vaccinia virus antiapoptotic F1 protein
is blocked by protein kinase R in the absence of the viral E3 protein. J Virol
92:e01167-18. https://doi.org/10.1128/JVI.01167-18.

14. Hazlewood JE, Dumenil T, Le TT, Slonchak A, Kazakoff SH, Patch AM, Gray
LA, Howley PM, Liu L, Hayball JD, Yan K, Rawle DJ, Prow NA, Suhrbier A.
2021. Injection site vaccinology of a recombinant vaccinia-based vector
reveals diverse innate immune signatures. PLoS Pathog 17:e1009215.
https://doi.org/10.1371/journal.ppat.1009215.

15. Bowie A, Kiss-Toth E, Symons JA, Smith GL, Dower SK, O’Neill LA. 2000.
A46R and A52R from vaccinia virus are antagonists of host IL-1 and toll-
like receptor signaling. Proc Natl Acad Sci U S A 97:10162–10167. https://
doi.org/10.1073/pnas.160027697.

16. Smith GL, Chan YS, Howard ST. 1991. Nucleotide sequence of 42 kbp of
vaccinia virus strain WR from near the right inverted terminal repeat. J
Gen Virol 72:1349–1376. https://doi.org/10.1099/0022-1317-72-6-1349.

Announcement Microbiology Resource Announcements

April 2023 Volume 12 Issue 4 10.1128/mra.00090-23 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

ra
 o

n 
21

 A
pr

il 
20

23
 b

y 
2.

28
.1

86
.1

87
.

https://www.ncbi.nlm.nih.gov/nuccore/M35027
https://www.ncbi.nlm.nih.gov/nuccore/AY243312.1
https://www.ncbi.nlm.nih.gov/nuccore/OP868847
https://www.ncbi.nlm.nih.gov/nuccore/OP868848
https://www.ncbi.nlm.nih.gov/sra/PRJNA902654
https://www.ncbi.nlm.nih.gov/sra/SRR22318734
https://www.ncbi.nlm.nih.gov/sra/SRR22318733
https://doi.org/10.3390/v7041726
https://doi.org/10.1016/0042-6822(90)90294-2
https://doi.org/10.1016/0042-6822(90)90294-2
https://doi.org/10.1016/0042-6822(91)90047-f
https://doi.org/10.1111/cmi.13334
https://doi.org/10.1385/1-59259-789-0:101
https://github.com/lh3/seqtk
https://CRAN.R-project.org/package=fastqcr
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1016/0042-6822(92)90752-b
https://doi.org/10.1016/0042-6822(92)90752-b
https://doi.org/10.1093/bioinformatics/btab705
https://doi.org/10.1093/bioinformatics/btab705
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1158/0008-5472.CAN-17-0337
https://doi.org/10.1128/JVI.01167-18
https://doi.org/10.1371/journal.ppat.1009215
https://doi.org/10.1073/pnas.160027697
https://doi.org/10.1073/pnas.160027697
https://doi.org/10.1099/0022-1317-72-6-1349
https://journals.asm.org/journal/mra
https://doi.org/10.1128/mra.00090-23

	Outline placeholder
	Data availability.

	ACKNOWLEDGMENTS
	REFERENCES

