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The first genome sequence and assembly 
off Earth

https://www.nature.com/articles/s41598-017-18364-0

https://www.nature.com/articles/s41598-017-18364-0


The first space epigenome 

https://github.com/al-mcintyre/mCallerhttps://www.nature.com/articles/s41467-019-08289-9



Where on Earth can we use all these tools?
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Amplification (LAMP)

Quantitative real-time 
PCR (qRT-PCR)

Capture/Amplicon

TAT

20-30
minutes

Measurements and Metrics

Polymerase and pH colorimetric output:
COVID-19 presence/absence

Two Primer Sets for COVID-19:
The E (envelope) and S (spike) genes.

1-3 days
Next-Generation cDNA Sequencing:
Viral cDNAs, host cDNAs

Assay

RNA-seq and MeRIP-seq 1-3 days Next-Generation cDNA Sequencing:
Non-coding Viral and host cDNAs; m6AAliquot RNA

Direct RNA sequencing

3-4 
hours

Next-Generation RNA Sequencing:
Viral and host polyA RNAs (MinION)

Spatial Omics 1-3 days Bespoke Baits and Primers:
Virus, Host, and/or BCR/TCRs 

0-2 days

Battery of methods to learn about 
a new virus & host response



1) 735 suspected COVID-19 patients:
COVID-19-POS, n=216
COVID-19-NEG, n=519

2) 86 Environmental (54 sites)
Grand Central
Times Square 

3) 36 Controls 
CP (Vero E6 Cells w/ SARS-CoV-2)
Twist Synthetic RNA (2 strains)
Negative Controls (TE buffer)

857 COVID-19 samples’ total RNA-seq 
(63.2M 150x150 PE reads)

Butler et al., 2021, 
https://www.nature.com/articles/s41467-021-21361-7



Mostly human, bacterial, viral RNA in the NP swabs

Butler et al., 2021



Co-infection is rare

SARS-CoV-2 levels
None Low Med High None

Butler et al., 2021



Confirmed by BioFire

AUROC = 0.89;
Accuracy = 0.99;

Sensitivity = 0.76;
Specificity = 0.98, 



Microbiome Disruption in High Titer Patients
SARS-CoV-2 levels

None Low Med High None

Butler et al., 2021



The human response:
Host DEGs (q<0.01, >1.5-fold) 

Butler et al., 2021



Biological pathways feature familiar, 
and some new networks (including heme, olfaction)

Butler et al., 2021



https://covidgenes.weill.cornell.edu/
Mad props to Dr. Cem Meydan Butler et al., 2021

https://covidgenes.weill.cornell.edu/
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Spatial, High-Plex Protein & RNA Profiling (GeoMx) on 39 Autopsies (301 ROIs)

Illumina NGS

Rob Schwartz Alain Borczuk

Nanostring GeoMx

https://www.nature.com/articles/s41467-021-21361-7
https://www.nature.com/articles/s41586-021-03475-6

https://www.nature.com/articles/s41467-021-21361-7
https://www.nature.com/articles/s41586-021-03475-6


Covid21_ High TMPRSS2 in both large airway and Alveoli

GeoMx DSPRNAscope

DNA
V-nCoV2019-S
Hs-ACE2
Hs-TMPRSS2

https://www.nature.com/articles/s41467-021-21361-7



Spatial mapping of cell types within ROIs reveals immune infiltration

Butler et al., 2021



Co-cellular organization map is also disrupted
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B.1.17 variant (alpha)

https://www.cell.com/cell/pdf/S0092-8674(21)00434-7.pdf
May 13, 2021





FDA EUA Granted for SARS-CoV-2 NGS Assay &COVID-DX
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• Agile team responded to COVID-19 
pandemic, in 4 months partnered with 
Twist Bioscience, optimized kit, validated 
on clinical samples, built COVID-DX 
software, and co-submitted to FDA for EUA

• Built and launched RUO version of the 
product (launched Nov 2020). Being used 
across Europe and in US labs to profile and 
track genetic variants

• FDA EUA Granted (March 2021): 1st hybrid 
capture-based NGS FDA EUA test; has both 
diagnostic and research applications• Deep insight into virus 

and genetic variants
• User portal built and 

connected to LIMS 
with automated NY 
reporting



Placement and frequency report:
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Loop Mediated Isothermal Amplification (LAMP) from New England BioLabs: https://www.youtube.com/watch?v=L5zi2P4lggw | 
https://www.neb.com/protocols/2014/06/17/loop-mediated-isothermal-amplification-lamp

A fast (30-40min) and inexpensive (<$5) RT-PCR assay for 
targeted amplification of COVID-19 genes:

RNAcDNAdsDNA
with Bst strand-displacing polymerase

Loop-Mediated Isothermal Amplification (LAMP)

https://www.youtube.com/watch?v=L5zi2P4lggw
https://www.neb.com/protocols/2014/06/17/loop-mediated-isothermal-amplification-lamp


Colorimetric LAMP led to FDA-approval in partnership with 
Color/Broad/Weill Cornell

https://www.fda.gov/media/138249/download

https://www.fda.gov/media/138249/download


Racine City Hall On-site Testing





https://www.wired.com/story/a-wisconsin-city-experiments-with-a-faster-diy-covid-19-test/

https://www.wired.com/story/a-wisconsin-city-experiments-with-a-faster-diy-covid-19-test/




What if we had been looking all along?



What if every lab could be a meth lab?



NGS on sewage in FL, WI, and NY

https://taggs.hhs.gov/Detail/AwardDetail?arg_AwardNum=U01DA053941&arg_ProgOfficeCode=114



PIs: Chris Mason, Stephan Schürer, Helena Solo-Gabriele*
Administrative Core: George Grills (co-I)

Administrative Support: Maria Robertson

GeorgeHelenaStephanChris

: SARS-CoV-2 Wastewater-Based Surveillance

Project Leaders



M. Sharkey,
Center for AIDS Research, UM

C. Mason, 
Integrated Genomics Lab, WCM/MetaSub

S. Williams
Onco-Genomics Shared Resource, UM

Sample Analysis

Genomic Analysis

Deep Targeted Sequencing RNA-seq/
Direct RNA seq 

Metagenomics 
Epitranscriptomics

Rapid Detection

TINY-LAMP RT-qPCRLAMP V2G-qPCR

Rapid turn-around
Strain ID

Filter concentrates undergo further analysis via sequencing

Strain Identification
(Confirm across both labs)

Basic water 
quality in field

T, pH, SPC, DO, Turbidity

35µl
OC43 MgCl2

500 
mL

Acidify
(HCl)

10 mL for 
fecal coliform

culture



SARS-CoV-2 Wastewater-Based Surveillance

Close correlation between the sewage and population metrics

















Top Fungi observed in shotgun RNA-seq





Details: regional microbial movement on campus



Targeted search for respiratory pathogens



Dorm vs. Hospital environments each shows 
unique enrichments



Now for planes at JFK!

Andrew Franklin with Ginkgo Bioworks



Not the first time…



New fields lead to new lessons: 2013



1. Swab (3 min)

Data 
Entry

2.  Annotate 3.  GPS-tag/timestamp

Extract DNA (n=1,457 samples)

96-plex TruSeq/Qiagen Libraries

10.2 billion 125x125 DNA Seqs.

Quality Trim (Q20)

MegaBLAST-LCA alignment

Confirm with MetaPhlAN

Upload

Pseudomonas Density
Half of the world 
under our fingertips is unknown





Media is not the place for nuance



https://www.gawker.com/expert-if-you-lick-a-bunch-of-subway-poles-youll-prob-1684097832





“Traces of species” becomes…

https://www.cbsnews.com/news/dangerous-pathogens-and-mystery-microbes-ride-the-subway/



Letting the 
molecules 
speak for 
themselves
is 
not enough



Running multiple 
algorithms
is 
not enough



How to learn and fix it?

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-017-1299-7



New methods

https://science.onecodex.com/bacillus-anthracis-panel/

https://science.onecodex.com/bacillus-anthracis-panel/


More eyes, more critique, 
and more open data



Herpes?





Afshinnekoo E, Meydan C, et al., Cell Systems, 2015.

Who is there, and what are they making?



3 Goals:
1. Geospatial Metagenomic and Forensic Maps
2. Anti-microbial resistance (AMR) marker tracking by genetics and epigenetics
3. New Biosynthetic Gene Clusters (BGCs); new drugs

www.metasub.org

Global teams



http://metasub.org/

Global City Sampling Day (gCSD)








MetaSUB

ATCGAGTAGA…GATCGATCGT

AGCTGAGCTT…GATAAGTCGT

Paired End 150bp Reads
~6 Million Reads per Sample

Danko, Bezdan et al., Cell, 2021



Reference Based Metagenomic Analysis 
and de novo assembly

*Kraken Salzberg, 2014

*>1
ATGCGTACGAT
>2
GCGATAGAGAG
>3
TTTTTAATATT
>4
ATAGCGAGCTG
>5
TTTTTAATATT
>6
GCGGGGAGCTG
>7
TGTAGTCNTCC
>8
TGAGGAGGAGT

UniRef90, RefSeq, 
NCBI-NR, etc

Assembly Danko, Bezdan et al., Cell, 2021



The MetaSUB Core Analysis Modular Pipeline (CAMP)

QUALITY CONTROL SHORT READ ASSEMBLY

GENE CATALOG CONSENSUS BINNING PHAGE HUNTING COMPARATIVE 
GENOMICS

Canopy clustering

Support modules

Core modules

Statistical model 
evaluationMAS/GWAS/SWAS Colab/Alphafold2

Summary statistics
FASTQC
Deduplication
Adapter trimming
Host read removal
Error correction

Taxonomic abundances
Pathway/functional 
abundances
GT-Pro/SNP abundances
Wastewater analysis

Multiple long/short/co-
assembly methods

Adaptable to new 
software/methods

Clear teams and 
module ownership + 

accountability

Sustainable, long-term 
development

Contig quality control

Open-Reading-Frame 
prediction/annotation
Non-redundant clustering 
at different percent 
identities
Abundance quantification

Multiple binning approaches
Dereplication
Quality control
Metapangenomic analysis
Functional annotation

A modular git ecosystem 
as an alternative to one—

click pipelines 

Identification
Taxonomic annotation
Dereplication
Functional analysis
Host-matching
Abundance quantification

Functional annotation
SNP identification
Doubling rate estimation
GWAS + statistical 
analysis

Standardized 
documentation and 

development practices

Braden Tierney
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Species Prevalence

A Core Urban Microbiome found across 4,728 samples and 60 cities

Danko, Bezdan et al., Cell, 2021



31 species  in 
the   Urban 
Core

Danko, Bezdan et al., Cell, 2021



Weill Cornell Medicine, New York, USA

Wide diversity of AMRs across the world’s cities

Danko, Bezdan et al., Cell, 2021



OTC Antibiotic use can be derived from 
the cities themselves

Patrick Lee, InnovaPrep



10-100x less than what is seen in gut or soil

https://www.sciencedirect.com/science/article/pii/S0960982214003285

Overall, the percentage of different ARGD sequences detected ranged 
from 0.97% in cow gut (4441680.3) to 32.78% in Rothamsted soil E41.



3X increase in size of the tree of life, 
including 10,928 new viruses 
(vs. JGI/NCVBI)

https://www.nature.com/articles/s41564-017-0012-7
https://www.cell.com/cell/fulltext/S0092-8674(21)00585-7

https://www.nature.com/articles/s41564-017-0012-7
https://www.cell.com/cell/fulltext/S0092-8674(21)00585-7


and >800K new CRISPR arrays



www.metasub.org
https://metagraph.ethz.ch/graphs

Global K-mer index

Andre Kahles, Gunnar Rätsch

http://dnaloc.ethz.ch/


Also found in space…

https://www.wired.com/story/sneaky-new-bacteria-on-the-iss-could-build-a-future-on-mars/



Dr. Kasthuri J Venkateswaran





NASA/JPL









NASA/JPL-Caltech/MSSS Additional processing: S Atkinson



View from Curiosity rover, evening of January 31, 2014 (Mars year 32, late spring)
Earth-Mars distance: 180 million km (112 million mi)
JPL

A New View



https://www.jpl.nasa.gov/missions/mars-sample-return-msr/

ETA: 2032



NASA/JPL



Planetary Genomics



https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-021-01020-1



https://www.nasa.gov/content/nasas-journey-to-mars ETA: 2035
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www.metasub.org
https://metagraph.ethz.ch/graphs

Global K-mer index

Andre Kahles, Gunnar Rätsch

http://dnaloc.ethz.ch/


https://www.popsci.com/modern-lifestyles-may-dramatically-reduce-diversity-human-microbiome/



https://www.sciencemag.org/news/2019/09/three-billion-north-american-birds-have-vanished-1970-surveys-show

1 / 4
birds 

are gone



Scott Wing and Brian Huber, doi:10.1126/science.aay1323

Not the first time:
Earth’s Temperature History and Mass Extinctions

Ordovician-Silurian (85%)

Devonian (75%)

Permian-Triassic (96%)

Triassic-Jurassic (80%)

Cretaceous-Paleogene (76%)



https://newatlas.com/rise-of-algae-snowball-earth-animal-evolution/50934/



Robert & Chaussidon, Nature, 2006

liquid water

Earth’s nice, but temporary, temperature canyon



4
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2

3

The birth of the
4th kind of 
organism:

Guardians



Only humans
are 
“extinction aware”



After 32 years in storage, cells were cloned, 
donor gestated, and born

https://www.nytimes.com/2021/02/18/science/black-footed-ferret-clone.html

Ben Novak, Revive & Restore








Cloning to protect and revive other species

Revive & Restore



Duty to all Life:
Past, Present, and Future



Preserving and mapping genetics for helping 
this planet and eventually others…

https://mitpress.mit.edu/books/next-500-years
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