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Annual seasonality of respiratory syncytial virus 
(RSV) in Washington, USA, has been limited pri-

marily to late autumn and winter (1). However, an 
RSV outbreak was not detected during the 2020–21 
season because of the COVID-19 pandemic. After 
lockdowns were relaxed in the summer of 2021, an 
early RSV season began in August (Figure, panel 
A). The 2022–23 outbreak also began earlier, but the 
number of RSV cases was unexpectedly higher than 
in 2021, alarming public health authorities and the 
general community (2).

Increased severity of the 2022–23 RSV outbreak 
might have been caused by diminished protective 
immunity in the population from prolonged low ex-
posure to this virus (3). Furthermore, selective pres-
sure because of low transmission in 2020 might have 
caused emergence of new viral strains with improved 
fitness. We evaluated whether RSV causing the 2022–
23 outbreak had genomic characteristics different 
from strains from previous seasons.

We performed hybridization capture-based, 
metagenomic next-generation sequencing of 54 RSV 
genomes (14 RSV strains from 2021–22 and 40 from 
2022–23) isolated during outbreaks in King County, 
Washington. In brief, we extracted virus RNA from 
excess nasal or nasopharyngeal swab specimens col-
lected from persons seeking care at University of 
Washington Medicine COVID-19 collection sites, 
clinics, emergency rooms, and inpatient facilities 
who tested positive for RSV by PCR with a cycle 
threshold <30 (Table) (4). All persons were outpa-
tients except for 2 hospitalized patients from 2021. 
For phylogenetic analyses, we downloaded com-
plete genomes of RSV-A and RSV-B subtypes from 
GenBank and GISAID (https://www.gisaid.org) 
databases. We performed genome alignments by us-
ing MAFFT software (https://mafft.cbrc.jp/align-
ment/software) and constructed phylogenetic trees 
by using IQ-TREE (5) (Appendix, https://wwwnc.
cdc.gov/EID/article/29/4/22-1834-App1.pdf). 

Among sequenced specimens, we detected 1 RSV-
A and 13 RSV-B subtypes from 2021–22 and 30 RSV-A 
and 10 RSV-B subtypes from 2022–23 (Table). We did 
not detect co-infections with other respiratory viruses 
(Appendix) or differences in subtype predominance 
by patient age group or sex during the 2022–23 out-
break (p>0.1 by Fisher exact test). We genotyped the 
RSV G gene and found that 7 RSV-A sequences were 
GA2.3.5 and 24 were GA2.3.6b genotypes (both com-
prising ON1 strains), and all RSV-B sequences were 
the GB5.0.5.a genotype (BA strains) (6) (Appendix). 
We found that Washington RSV (WA-RSV) sequenc-
es were closely related to contemporary viruses by 
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We sequenced 54 respiratory syncytial virus (RSV) 
genomes collected during 2021–22 and 2022–23 out-
breaks in Washington, USA, to determine the origin of 
increased RSV cases. Detected RSV strains have been 
spreading for >10 years, suggesting a role for dimin-
ished population immunity from low RSV exposure dur-
ing the COVID-19 pandemic.



using complete genome phylogenetic analysis with 
all historical and recent RSV sequences in public da-
tabases up to December 2022 (Appendix). We then 
constructed reduced phylogenetic trees with RSV ge-
nomes from public databases collected during 2017–
2022 (Figure, panels B, C; Appendix Figures 1, 2); the 
trees showed the WA-RSV sequences from 2021–22 
and 2022–23 outbreaks were closely related to those 
genomes. However, WA-RSV sequences from 2018 
and 2019 were not phylogenetically close to database-
derived RSV genomes collected during 2017–2022. 
Some WA-RSVs from 2022 were individually associ-
ated with viruses from France, Spain, Argentina, Bra-
zil, Netherlands, Israel, Australia, and northern Mace-
donia, isolated in 2019, 2021, or early 2022, suggesting 
multiple viral introductions within Washington. 

Nevertheless, most WA-RSVs were within statisti-
cally supported monophyletic clades (Figure, panels 
B, C; Appendix Figures 1, 2), indicating the 2022–23 
outbreak in King County has been mainly caused by 
the same RSV-A and RSV-B lineages observed glob-
ally for ≈1 decade. We observed no phylogenetic rela-
tionship between clade and patient age.

Analysis of all viral genes from 2022–23 WA-
RSVs showed no specific nonsynonymous changes 
compared with other RSV strains collected globally 
since 2017. Furthermore, WA-RSVs contained amino 
acid changes previously identified in sequences iso-
lated before the COVID-19 pandemic. For example, 
the amino acid constellation A103T and T122A in the 
RSV-A fusion protein was also detected in 14 other 
RSV genomes, including a 2019 sequence from the 
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Figure. Molecular epidemiology and genomic characterization of RSV during 2021–22 and 2022–23 outbreaks, Washington, USA. A) 
Number of patients positive for RSV-A and RSV-B during 2021–22 and 2022–23 outbreaks. Graph shows 5-week averages of RSV-
positive cases in Washington detected by PCR; data were taken from The National Respiratory and Enteric Virus Surveillance System 
(https://www.cdc.gov/surveillance/nrevss/index.html) through December 7, 2022. Tick marks indicate weeks for each month beginning 
on November 28, 2020, and ending on December 3, 2022. Orange and green dots show collection dates for RSV genomes analyzed in 
this study. B, C) Maximum-likelihood phylogenetic trees of complete genomes of RSV-A (B) and RSV-B (C) collected during 2017–2022. 
Collection years for specimens are depicted by tree branch color. RSV genomes from the United States are highlighted with light 
blue circles at branch tips. Red arrow indicates the location of the major phylogenetic clade comprising most of the sequences from 
Washington during 2021–22 and 2022–23; black arrows indicate locations of other sequences from Washington during 2022–23. Scale 
bar indicates nucleotide substitutions per site. Complete phylogenetic trees are provided in the Appendix (https://wwwnc.cdc.gov/EID/
article/29/4/22-1834-App1.pdf). RSV, respiratory syncytial virus; RSV-A, RSV subtype A; RSV-B, RSV subtype B.



Netherlands (GenBank accession no. MZ515825.1), 
suggesting a bottleneck effect caused by low trans-
mission during 2020 that reduced virus diversity (7). 
Alternating prevalence of RSV subtypes between 
outbreaks might also lead to high levels of RSV 
spread (Table). Further analyses of RSV sequences 
from Washington and globally are needed to con-
firm those hypotheses.

The first limitation of our study is that few RSV 
genomes from Washington were available before the 
COVID-19 pandemic. Second, we conducted conve-
nience sampling from excess clinical specimens and 
had limited access to clinical metadata. Nonetheless, 
Washington is comparatively a well-sampled state for 
RSV sequences, because only 2 other RSV genomes 
have been isolated from the rest of the United States 
since 2017. RSV genomics is also currently limited by 
a lack of consensus on genotyping classification.

In conclusion, effects of COVID-19 pandemic lock-
down measures on the RSV ecosystem have been re-
ported (8–10). Real-time genomic surveillance of RSV 
outbreaks in Washington did not reveal specific changes 
in RSV since the COVID-19 pandemic began that would 
account for increased viral spread. Our data suggest that 
RSV reemergence in King County is likely because of di-
minished protective immunity in the population from 
low RSV exposure, a consequence of pandemic mitiga-
tion measures. With likely future widespread availabil-
ity of RSV vaccines, continued real-time RSV genomic 
surveillance will be required to monitor the evolution 
and emergence of new viral strains.
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Table. Number of sequenced respiratory syncytial virus genomes according to different patient characteristics during 2021–22 and 
2022–23 virus outbreaks in Washington, USA* 

Characteristics 
2021–22 outbreak 

 
2022–23 outbreak 

RSV-A RSV-B Total RSV-A RSV-B Total 
No. complete genomes 1 13 14  30 10 40 
Patient sex 
 M 0 6 6  13 7 20 
 F 1 7 8  16 4 20 
Clinical status 
 Inpatient 1 1 2  0 0 0 
 Outpatient 0 12 12  30 10 40 
Patient age, y 
 <3 0 5 5  10 6 16 
 3–18 0 3 3  10 2 12 
 19–65 1 4 5  8 1 9 
 >65 0 2 2  2 1 3 
*RSV, respiratory syncytial virus; RSV-A, RSV subtype A; RSV-B, RSV subtype B. 
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Genomic Characterization of Respiratory 
Syncytial Virus during 2022–23 Outbreak, 

Washington, USA 
Appendix 

Material and methods 

RSV genome sequencing 

We extracted virus RNA by using the Quick-RNA Viral Kit (Zymo Research, 

https://www.zymoresearch.com). For samples with RSV PCR cycle threshold counts <25, virus 

genome sequencing was performed as previously described (1). In brief, we used the TURBO 

DNA-free Kit (ThermoFisher Scientific, https://www.thermofisher.com) to remove genomic 

DNA from extracted RNA. We performed first-strand cDNA synthesis by using random 

hexamers and SuperScript IV Reverse Transcriptase (ThermoFisher Scientific) and second-

strand synthesis by using Sequenase Version 2.0 DNA Polymerase (ThermoFisher Scientific). 

We purified double-stranded cDNA by using AMPure XP Magnetic Beads (Beckman Coulter, 

https://www.beckman.com) before proceeding to tagmentation and library preparation by using 

the Illumina DNA Prep, (S) Tagmentation kit (Illumina, https://www.illumina.com). For samples 

with RSV PCR threshold counts of 25–30, we used the RNA Prep with Enrichment, (L) 

Tagmentation and Respiratory Virus Oligos Panel v2 (Illumina) for library generation. DNA 

libraries were sequenced as 2 × 100-bp and 2 × 250-bp runs in a NextSeq500 sequencer 

(Illumina). 

Bioinformatic analysis 

Quality of FastQ files was analyzed by using FastQC software 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). RSV genome assembly was 

generated by using the Revica pipeline (https://github.com/greninger-lab/revica). Briefly, adaptor 

trimming and quality filtering was performed with Trimmomatic v0.39 (2). Mapping against a 

https://doi.org/10.3201/eid2904.221834
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viral genome reference database was performed, followed by one round of mapping against the 

virus reference sequence with the highest median coverage (RSV-A reference, GenBank 

accession no. MZ516076.1; RSV-B reference, GenBank accession no. OK649754.1) and 2 

iterations of mapping against the consensus reconstruction. Consensus genomes were generated 

by using a minimum base quality of 20, minimum depth of coverage of 5 times, and 60% allele 

frequency. Co-infection in a sample was indicated when 2 complete or partial consensus 

genomes of different virus species resulted from the Revica analysis. 

Comparative analysis of nonsynonymous changes was performed by using consensus 

genome alignments that included genomes published in GenBank and GISAID 

(https://www.gisaid.org) with collection dates during January 2017–December 2022 (2,481 total 

genomes: 1,320 RSV-A and 1,161 RSV-B subtypes). Inclusion criteria comprised complete 

genomes from clinical isolates with >95% sequence coverage. Alignments were trimmed 

according to the open reading frame of the virus genes and translated with standard amino acid 

codes by using Aliview (3). 

Phylogenetic analysis 

RSV genome alignments were built for each RSV subtype by using MAFFT software and 

visualized with Aliview (3,4). RSV genotyping was based on the G gene (5). The sequenced 

genomes were trimmed to the ectodomain of the G gene and analyzed with ReSVidex 

(https://cacciabue.shinyapps.io/resvidex) and corroborated by maximum-likelihood inference by 

using RSV-A and RSV-B reference alignments (5). G gene genotyping trees are available at 

https://github.com/greninger-lab/RSV-WA-2022. Genotype classification and sequences 

analyzed in this study are also available on the Nextstrain platform 

(https://nextstrain.org/rsv/a/G, https://nextstrain.org/rsv/b/G) (6). 

In accordance with other RSV genotyping schemes, the sequences in this study would be 

classified as follows: lineage GA2.3.5 would be equivalent to ON1 (7), A23 (8), A.5.9 (9), and 

NA1 (10); lineage GA2.3.6b would be equivalent to ON1 (7), A23 (8), A.5.11 (9), and NA1 

(10); lineage GB5.0.5a would be equivalent to BA9 (11), B6 (8), B.5.8 (9), and BA (12). 

For comprehensive phylogenetic analyses, RSV genomes from clinical samples were 

downloaded from GenBank and GISAID databases if they had <5% N bases. Two phylogenetic 

analyses were performed: 1 analysis using all available RSV genomes (mentioned in the main 
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text as historical and recent RSV: 2,195 RSV-A and 1,711 RSV-B) and a reduced analysis that 

included RSV genomes with collection dates since 2017 (1,320 RSV-A and 1,161 RSV-B). 

Maximum-likelihood trees were inferred by using IQ-TREE v2.1 (13). The molecular evolution 

model was estimated by using ModelFinder (14), and the reliability of sequences clusters was 

evaluated by using UFBoot2 (10,000 replicates) (15). Complete RSV-A and RSV-B tree files 

and extended versions of the reduced trees (Figure, main text) are available at 

https://github.com/greninger-lab/RSV-WA-2022. 

Data availability 

RSV consensus genomes are available in GenBank (accession nos. OP890312–50 and 

OP965698–712). Sequencing reads are available in NCBI BioProject no. PRJNA907066 

(https://www.ncbi.nlm.nih.gov/bioproject). Line-item specimen data are available in the 

Appendix Table. 
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Appendix Table. Metadata of sequenced RSV specimens* 
Sequence name Collection date RSV subtype Ct Coverage† Genbank no. BioProject no.‡ BioSample no.‡ SRA fastq file‡ 
hRSV/A/USA/202276NDB/2022 10–2022 A 19.20 120.86 OP890312 PRJNA907066 SAMN32118079 SRR22580785 
hRSV/A/USA/2022FLDV8/2022 10–2022 A 18.46 87.38 OP890313 PRJNA907066 SAMN32118080 SRR22580784 
hRSV/A/USA/2022R3AE2/2022 10–2022 A 18.65 147.96 OP890314 PRJNA907066 SAMN32118081 SRR22580773 
hRSV/A/USA/2022AF7QA/2022 10–2022 A 19.08 114.32 OP890315 PRJNA907066 SAMN32118082 SRR22580762 
hRSV/A/USA/2022LTGQ4/2022 10–2022 A 19.27 119.10 OP890316 PRJNA907066 SAMN32118083 SRR22580751 
hRSV/A/USA/202226672/2022 10–2022 A 20.46 130.82 OP890317 PRJNA907066 SAMN32118084 SRR22580740 
hRSV/B/USA/20229B2FA/2022 11–2022 B 19.33 138.62 OP890341 PRJNA907066 SAMN32118085 SRR22580735 
hRSV/A/USA/20223TBF2/2022 10–2022 A 19.19 141.67 OP890318 PRJNA907066 SAMN32118086 SRR22580734 
hRSV/A/USA/2022TQVY1/2022 11–2022 A 18.78 148.55 OP890319 PRJNA907066 SAMN32118087 SRR22580733 
hRSV/A/USA/20229K9JE/2022 11–2022 A 19.78 125.66 OP890320 PRJNA907066 SAMN32118088 SRR22580732 
hRSV/A/USA/20222G8K4/2022 10–2022 A 17.13 65.64 OP890321 PRJNA907066 SAMN32118089 SRR22580783 
hRSV/A/USA/2022DT79D/2022 10–2022 A 18.84 147.88 OP890322 PRJNA907066 SAMN32118090 SRR22580782 
hRSV/B/USA/20229BJQ7/2022 11–2022 B 18.79 126.65 OP890342 PRJNA907066 SAMN32118091 SRR22580781 
hRSV/A/USA/202234AM6/2022 11–2022 A 18.82 54.28 OP890323 PRJNA907066 SAMN32118092 SRR22580780 
hRSV/A/USA/2022YSFS7/2022 10–2022 A 18.47 53.97 OP890324 PRJNA907066 SAMN32118093 SRR22580779 
hRSV/B/USA/2022A7421/2022 10–2022 B 19.68 93.93 OP890343 PRJNA907066 SAMN32118094 SRR22580778 
hRSV/A/USA/2022PTEA0/2022 10–2022 A 19.11 123.60 OP890325 PRJNA907066 SAMN32118095 SRR22580777 
hRSV/B/USA/2022KH4F2/2022 10–2022 B 19.98 112.33 OP890344 PRJNA907066 SAMN32118096 SRR22580776 
hRSV/B/USA/2022RWWYB/2022 10–2022 B 18.43 115.10 OP890345 PRJNA907066 SAMN32118097 SRR22580775 
hRSV/A/USA/20227VPLD/2022 10–2022 A 18.83 86.18 OP890326 PRJNA907066 SAMN32118098 SRR22580774 
hRSV/A/USA/2022T3TPE/2022 10–2022 A 19.26 85.36 OP890327 PRJNA907066 SAMN32118099 SRR22580772 
hRSV/A/USA/2022BARMF/2022 11–2022 A 17.97 126.93 OP890328 PRJNA907066 SAMN32118100 SRR22580771 
hRSV/A/USA/20222T321/2022 11–2022 A 17.36 138.17 OP890329 PRJNA907066 SAMN32118101 SRR22580770 
hRSV/B/USA/20228BLN9/2022 10–2022 B 20.3 125.53 OP890346 PRJNA907066 SAMN32118102 SRR22580769 
hRSV/B/USA/2022RFHA8/2022 11–2022 B 19.59 121.36 OP890347 PRJNA907066 SAMN32118103 SRR22580768 
hRSV/A/USA/2022ZFYQ7/2022 11–2022 A 22.53 130.05 OP890330 PRJNA907066 SAMN32118104 SRR22580767 
hRSV/A/USA/20226D2SC/2022 10–2022 A 17.85 139.53 OP890331 PRJNA907066 SAMN32118105 SRR22580766 
hRSV/A/USA/20228A7L8/2022 10–2022 A 19.74 21.53 OP890332 PRJNA907066 SAMN32118106 SRR22580765 
hRSV/A/USA/2022B3ML8/2022 11–2022 A 18.1 10.49 OP965712 PRJNA907066 SAMN32118107 SRR22580764 
hRSV/A/USA/2022EH3HA/2022 11–2022 A 20.2 105.85 OP890333 PRJNA907066 SAMN32118108 SRR22580763 
hRSV/A/USA/20229BGEF/2022 11–2022 A 20.26 22.35 OP890334 PRJNA907066 SAMN32118109 SRR22580761 
hRSV/A/USA/2022EJE74/2022 11–2022 A 17.89 74.50 OP890335 PRJNA907066 SAMN32118110 SRR22580760 
hRSV/A/USA/2022F6RQ4/2022 11–2022 A 17.88 101.39 OP890336 PRJNA907066 SAMN32118111 SRR22580759 
hRSV/A/USA/20223B286/2022 11–2022 A 19.46 18.19 OP890337 PRJNA907066 SAMN32118112 SRR22580758 
hRSV/B/USA/2022YVED3/2022 11–2022 B 19.46 139.35 OP890348 PRJNA907066 SAMN32118113 SRR22580757 
hRSV/A/USA/20229SL51/2022 10–2022 A 19.80 138.35 OP890338 PRJNA907066 SAMN32118114 SRR22580756 
hRSV/A/USA/2022JECVB/2022 10–2022 A 19.58 79.68 OP890339 PRJNA907066 SAMN32118115 SRR22580755 
hRSV/B/USA/2022YFP3F/2022 10–2022 B 19.09 111.2 OP890349 PRJNA907066 SAMN32118116 SRR22580754 
hRSV/B/USA/2022M4SWF/2022 10–2022 B 18.65 103.76 OP890350 PRJNA907066 SAMN32118117 SRR22580753 
hRSV/A/USA/2022AJXR3/2022 10–2022 A 18.58 95.86 OP890340 PRJNA907066 SAMN32118118 SRR22580752 
hRSV/B/USA/202177756/2021 08–2021 B 19.4 355.53 OP965698 PRJNA907066 SAMN32118119 SRR22580750 
hRSV/B/USA/202196775/2021 09–2021 B 22.9 19.97 OP965699 PRJNA907066 SAMN32118120 SRR22580749 
hRSV/B/USA/202118974/2021 09–2021 B 21.1 140.21 OP965700 PRJNA907066 SAMN32118121 SRR22580748 
hRSV/B/USA/202131818/2021 09–2021 B 22.5 43.97 OP965701 PRJNA907066 SAMN32118122 SRR22580747 
hRSV/B/USA/202134981/2021 09–2021 B 23.9 238.93 OP965702 PRJNA907066 SAMN32118123 SRR22580746 
hRSV/B/USA/202179926/2021 10–2021 B 20.4 350.92 OP965703 PRJNA907066 SAMN32118124 SRR22580745 
hRSV/A/USA/202195752/2021 12–2021 A 18.6 115.71 OP965711 PRJNA907066 SAMN32118125 SRR22580744 
hRSV/B/USA/202221067/2022 03–2022 B 21.6 40.88 OP965704 PRJNA907066 SAMN32118126 SRR22580743 
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Sequence name Collection date RSV subtype Ct Coverage† Genbank no. BioProject no.‡ BioSample no.‡ SRA fastq file‡ 
hRSV/B/USA/202210489/2022 02–2022 B 28.3 5,147.37 OP965708 PRJNA907066 SAMN32118130 SRR22580738 
hRSV/B/USA/202275637/2022 02–2022 B 26.5 2,371.03 OP965709 PRJNA907066 SAMN32118131 SRR22580737 
hRSV/B/USA/202188430/2021 12–2021 B 30 241.61 OP965710 PRJNA907066 SAMN32118132 SRR22580736 
hRSV/B/USA/202194302/2021 08-2021 B 27.2 2,773.8 OP965705 PRJNA907066 SAMN32118127 SRR22580742 
hRSV/B/USA/202114940/2021 09-2021 B 25.8 1,3972.6 OP965707 PRJNA907066 SAMN32118129 SRR22580739 
hRSV/B/USA/202192941/2021 09-2021 B 30 2,652.03 OP965706 PRJNA907066 SAMN32118128 SRR22580741 
*Ct, PCR cycle threshold; RSV, respiratory syncytial virus. 
†Average depth of sequencing coverage (x-fold). 
‡NCBI BioProject, BioSample, and SRA (sequence read archive) accession numbers (https://www.ncbi.nlm.nih.gov). 
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Appendix Figure 1. Complete phylogenetic analysis of respiratory syncytial virus, subtype A. Maximum-

likelihood trees were constructed by using complete genomes of RSV-A (collected during 2017–2022) 

downloaded from GenBank and GISAID (https://www.gisaid.org) databases. Phylogenetic associations of 
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RSV-A genomes from our study are shown in boxes, which include bootstrap values for the main 

phylogenetic clades. Lineages GA2.3.5 and GA2.3.6b are labeled within their ancestral nodes. Collection 

years for specimens are depicted by tree branch color. RSV-A genomes from the United States are 

highlighted with light blue circles at branch tips. Washington RSV-A genomes from 2021–22 and 2022–23 

outbreak seasons are highlighted in shades of green, and patient age groups are indicated by symbols. 

Scale bar indicates nucleotide substitutions per site. RSV-A, respiratory syncytial virus, subtype A. 

 

 

Appendix Figure 2. Complete phylogenetic analysis of respiratory syncytial virus, subtype B. Maximum-

likelihood trees were constructed by using complete genomes of RSV-B (collected during 2017–2022) 

downloaded from GenBank and GISAID (https://www.gisaid.org) databases. Phylogenetic association of 

RSV-B genomes from our study are shown in the box inset, which includes bootstrap values for the main 
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phylogenetic clades. Lineage GB5.0.5a is labeled within its ancestral node. Collection years for 

specimens are depicted by tree branch color. RSV-B genomes from the United States are highlighted 

with light blue circles at branch tips. In the box inset, Washington RSV-B genomes from 2021–22 and 

2022–23 outbreak seasons are highlighted in shades of orange, and patient age groups are indicated by 

symbols. Scale bar indicates nucleotide substitutions per site. RSV-B, respiratory syncytial virus, subtype 

B. 

 

 


