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SARS-CoV-2 continues to evolve

Nextstrain



Clinical sampling blind spots 

Brito, Semenova, Dudas et al., 2021



Clinical sampling blind spots 

Brito, Semenova, Dudas et al., 2021

Lieberman-Cribbin et al., 2020

Rader, Astley et al., 2020



Wastewater as a promising alternative

SEARCH Dashboard



Viral RNA concentration step

Expensive

Laborious

Long turnaround time

Typically only very few samples can be 
processed in a day

Poor quality sequence data

Large-scale wastewater surveillance 
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High-throughput wastewater SARS-CoV-2 viral detection pipeline

Image courtesy: The Scientist Karthikeyan et al. mSystems 2021



Point Loma, Encina, 
South Bay 
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RTL-Return to Learn 
program

SASEA-Safer at school early 
alert system

Samples processed: 45,492 Samples processed: 5911 Samples processed: 1010
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https://saseasystem.org/https://returntolearn.ucsd.edu/dashboard/index.html
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Wastewater sampling: Campus + County

Total Catchment area : 
~2.9 million residents 

35 elementary schools/child 
care centers 

Total: 52,413

https://saseasystem.org/
https://returntolearn.ucsd.edu/dashboard/index.html


Point Loma: catchment 2.2 million South 
Bay

Point 
Loma

Point 
Loma

County-level wastewater surveillance



Image credit: Erik Jepsen, UCSD, CBS 60 minutes, NYT 
Fall 2021: 18,000 residents in campus housing

131 active autosamplers covering ~360 
residence and non-residence buildings
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Autosampler 
location



Sample  
collection and  
data logging

Autosamplers linked to  
manhole and can be  
read by phone app  
directly

Samples scanned in by  
field staff as and when  
they get picked up



Automated wastewater viral concentration and extraction

A day in the life of a sewage sample

150

Normalization : PMMoV (fecal indicator)
Recovery: SARS-CoV-2 spike-ins from BSL-3 lab dx.doi.org/10.17504/protocols.io.bshvnb66

https://dx.doi.org/10.17504/protocols.io.bshvnb66


Public dashboard for 
wastewater



Self-administered test via vending machines

Early detection of 85% of cases on campus

Karthikeyan et al.,https://doi.org/10.1128/mSystems.00793-21

Pilot stage: All on-campus residents 
mandated to test weekly



Broader 
applications



https://saseasystem.org/

Daily Wastewater 
monitoring

Daily Surface 
monitoring

Weekly Diagnostic 
testing

35 sites were selected in 
ZIP Codes with rates of 
COVID-19 above the 
county median and high 
levels of social 
vulnerability according to 
the California Healthy 
Places Index 

SD School 
Districts

https://saseasystem.org/


19

On-site testing consent rates increased through the study (students + 
staff)



95% of identified cases 
were associated with a 
positive wastewater 
sample
Fielding-Miller et al.
https://doi.org/10.1101/2021.10.19.21265226



Tracking viral 
variants in 

wastewater via 
whole genome seq

Median SARS-CoV-2 Genome Coverage (WW): 96.053%

PCR-based wastewater surveillance cannot identify 
epidemiological transmission links or monitor lineages in the 
population

Biggest Challenge: obtain good quality genome sequences 
from environmental samples and accurately discern lineages

All wastewater positives sequenced-miniaturized sequencing 
approach (1/12th volume) to enable sequencing of >1500 
samples a week



Higher viral diversity observed in wastewater

Shannon entropy 

Uncertainty associated with 
randomly sampling an allele 

Number of single nucleotide 
variant (SNV) sites

Richness 

Existing lineage calling methods require a single consensus sequence to perform assignment



Resolving multiple 
strains in wastewater

Turakhia et al., 2021



Freyja: tool to estimate relative abundance 
of SARS-CoV-2 lineages from sequencing of 
mixed-lineage samples 

• SNV frequency estimation 
• Depth-weighted de-mixing
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Validation
Strain mixtures (n=96) isolated from 
mammalian cell culture infected with 
one of five strains combined at 
different proportions and sequenced 
in triplicate to evaluate accuracy of 
Freyja



Does it work on 
Wastewater?

Sequencing Result

+ -

Overall VOC 
qPCR
Result

+ True Positives False Positive Positive Predictive Value

55 0 100%

- False Negative True Negative Negative Predictive Value

1 80 99%

Overall Rate of Agreement

99%



Wastewater 
samples show 
earlier appearance 
of VOCs

Data from 31,149 nasal 
swab sequences from SD 
county and 734 wastewater 
sequences

Timeline and epidemiological curves for VOC detection in county samples



UCSD Campus 
data

Extended cryptic virus 
spread during early Alpha 
and Delta waves

Timeline and epidemiological curves for VOC detection in the campus samples



WW identifies early, 
cryptic transmission

Early identification of emerging 
strains in WW (even with low 
abundance in nasal swabs)

“Mu” detected in WW before 
classification as VOI

Increases likelihood of identifying 
missing links/areas where 
transmission may have happened

Rare lineages observed in 
wastewater 



The rise of the Delta variant during Summer 2021

Point Loma 

First detection of delta in WW: 2 weeks ahead of clinical



~1.5%
Nov 27 Dec 8

The Omicron wave in San Diego





Trends captured earlier in wastewater (~10d)

https://searchcovid.info/dashboards/omicron-estimates/

Clinical data
WW data

https://searchcovid.info/dashboards/omicron-estimates/


Campus transmission 
networks with consensus 
genomes

Data de-identified in accordance with our IRB (approval #210699, #200477)

High resolution sampling on UCSD capture individual 
infections, clusters of SARS-CoV-2 spread

Freyja indicates sample is composed of a single lineage

Can use standard consensus sequence calling methods 
(iVar etc.) 





Real-time wastewater sequence 
tracking 

https://searchcovid.info/dashboards/wastewater-surveillance/

Rapid turnaround: 26h sample-sequence data



Hands-on prep
60-90min

Run
Library -result

21-25h

Online status 
tracking

Results
Run stats



Current and future extensions

Monkeypox 
Surveillance
WW surveillance 
at county-level

https://searchcovid.info/dashboards/wastewater-surveillance-mpx/

High-throughput RNA-Seq
Untargeted longitudinal metatranscriptomics of 
WW data

Image: NIAID/NIH/SPL



Thank you

Funding

Knight Lab WW processing team:
Helena Tubb, Tommy Valles, Rebecca Tsai, 
Caitlin Tribelhorn, Sawyer Farmer, Greg 
Humphrey, Madison Ambre, Clare Lawless
UCSD RTL Team
Expedited COVID IdenTification Environment 
CLIA (EXCITE) Lab at UCSD
Institute of Genomic Medicine, CCBB (UCSD)
Facilities Management, HDH, EHS



Code deployment and usage 


