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Why single cell genomics?

Genomes are blueprints of life

Cells are fundamental units of biology

Multicellular life

For most of life on Earth, 1 cell = 1 organism E
o




Amazing features of life barth

| Rapid emergence
| Persistencever 1/3 of universe@ge
I Microbial dominance



Our planet may hold trillions of microbial spécies

From Locewnd Lennon 2016

Implications

Uncultured microbes run the
planet

Only a tiny fraction will ever
be cultivated

Molecular technologies have to
be pushed further



OTUs are not species!

3% divergence in the 16S rRNA gene takes ~150 million years, so...
...last common ancestor of an average OTU lived in Jurassic!

DonOt bacteria evolve faster than mammals?

Images from Wikipedia



Oceans of genetic information

1 mL surface ocean water encefld®3 genetienformation

1 g of agricultural soil encodes ~1 PB

The entireplanet encodes ~“1®B

<1% of this genetic resource can be accessed by cultivation




Assumptions of metagenomic assemblies

Image from Wikipedia

Microbial communities are composed of
clonal populations

Entire genome evolves synchronously

De novassembly software does not-cro:
assemble different populations



DNA In a idealized microbial assemblage




Complex DNA distribution immicrobialassemblage

Implications:

Horizontal spread of antibiotic resistance and other f
Large differences among close relatives

16S and metagenomics provide incomplete informat



Microbial Single Cell Genomics Workflow



Milestones of microbial single cell genomics

Pre-2000: Experimenting with PCR-based single cell DNA amplification
- e.g. Zhang et al. (1992) PNAS 89:58&851

20012002: Development of multiple displacement amplification (MDA)
- Dean et al. (2001) Genome Research 11:10999
- Dean et al. (2002) PNAS 99:526266

20052006: Prootfof-concept single cell MDA on cultured microorganisms
- Raghunatharet al. (2005) AEM 71: 3343347
- Zhang et al. (2006) Nature Biotech. 24:6686

20072008: First genomic data from uncultured, single cells
- Stepanauskas arfsieracki(2007) PNAS 104: 9052057
- Marcy et al. (2007) PNAS 104:11883894

2009now: High-throughput facilities; major research discoveries
- Over 100publications in microbial ecology, evolution, bioprospecting and human health



Bigelow Laboratory Single Cell Genomics Center

scgdigelow.org

Mission: make single cell genomics accessible to the broad
researchcommunity; serveas an engine for discoveries in
microbial ecology, evolution, bioprospecting and human health

¥ First center of its kind, established 2009

¥ Diverse samples: aquaticsoil, organismal microbiomes, etc.

¥ >1,000,000 cells analyzed, representing >70 phyla
¥ 60+ publications since 2011, 8 iscience Nature & PNAS

Locations of SCGC customers




Microbiomes analyzed by SCGC




Research example: Surface ocean bacterioplankto

GarciaMartinez et al. 201PL0oSONE), Swan et al. 2013 (PNAS)bont£t al. 2015 (ISME J)

Sample collection sites SAG phylogeny

¥ Collected surface samples from the Gulf of Maine, the Mediterranean
and the South Atlantic and North Pacific subtropical gyres in 2002009

¥ Generated >2,000 single amplified genomes (SAGSs) of bacteria &
archaea

¥ Genomically sequenced 57 SAGs representing various ubiquitous
groups

¥ Used genomic data to analyze metabolism, biogeography and infections



Four tale®y 57 marine bacterioplankton ce
| Metabolism

| Blogeography

I Microevolution
I

Interactions

Art by Glynn Gorick



Genomic divergence of cultured and uncultometerioplankton




%GC divergence of cultured and uncultinacterioplankton




Four tale®y 57 marine bacterioplankton ce
' Metabolism

| Blogeography

I Microevolution
I

Interactions
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Globalbiogeography: metagenofmagment recruitment

99% identity cutoff

%o identity cutoff

60% identity cutoff



Recruitment ratio at various DNA identity intervals

ANI-16S relationship source:
Konstantinidisand Tiedje2005, PNAS 102:2567

16S rRNA identity, %

DNA-DNA hybridization, %

Average nucleotide identity, %



Divergent biogeography of close relatives




Recruitment ratio at various DNA identity intervals

! 16S rRNA molecular clock:
Ochmanand Wilson 1987, Mol.Evol 26:74

Figure from: RoberSimmon NASA



We are still only scratching the surface




Genome content differentetweernwo cells 05AR86

from the same drop with 190 denticall6SrRNA

The inserted region encodes
a phosphate ABC transporter operon

\

Non-synonymous mutations




Four tale®y 57 marine bacterioplankton ce
| Metabolism

| Blogeography

I Microevolution
|

Interactions
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Search for viral DNA In SAGs of bacteria and arc

Viral marker genes

Sequence coverage depth

GC % and skew

Tetramer frequency

Recruitment of viral
versus bacterial
metagenomic reads



19 out of57 SAGs 83%) contained viral sequences

10 Podoviridaphages
MarinimicrobiaSAR406
Verrucomicrobi@b)

: Firstknown virusesf phyla
I Gammaproteobacte®AR92

|

|

Thaumarchaeagtdarinimicrobiaand

Bacteroidetes Verrucomicrobia
Roseobacter
Virusesvere also found in SAGs of
> Myoviridaphages Alphaproteobacteria, Gammaproteobacteriz
I Verrucomicrobia :
| Roseobacter andBacteroidetes
I Marine Group |
crenarchaeon Complete genome recovery of 3 phages
' MarinimicrobiaSAR406
S High fragmentecruitment of/iral
3 Siphoviridaphages metagenominaads_ confirmed that most
| SAR116 SAGassociated virusgs abundant in the
I Verrucomicrobia ocean

I  Flavobacteria

1 Phycodnavirida&us (likely contaminant)
I Verrucomicrobia




Podoviridae phages from SAGs

DNA polymerase A phylogeny Genomic synteny
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Metagenomic fragment recruitment from viral and cell

size fractions (70% nucleotide identity cutoff)

Bacterial metagenome (Line PYiral metagenome (POV)

SAG viral SAG host SAG viral SAG host
contigs contigs contigs contigs




Possible sources of viral sequences in SAGs

®
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Possible sources of viral sequences in SAGs




Potentially lysogenic phage in a SAR116 SAG



Possible sources of viral sequences in SAGs

O reswas s



Correlation between MD&p and genome recover




Correlation between MD&p and genome recovery




Possible sources of viral sequences in SAC

S%&S ()Y



Possible sources of viral sequences in SAGs

0% 15 ()%HS*2+&3##3%.4)'H



Potential for nomnfectious viral attachment to cell
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19 out of57 SAGs $3%) contained viral sequences

1 Phycodnavirida@us
I Verrucomicrobia



Possible sources of viral sequences in SAGs
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Riskof co-sorting cellfreeviral particles
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Advantages of single gelhomics

- Independent of cultivation

- Independent of unverified microevolutionary assumptions
- Compatible with high microbial community complexity

- Embraces intracellulageneticcomplexity

- Requireaminimal field sampleyuantities

- Can be integrated with single cell phenomics



Whole genome amplification kinetics

Individual reaction kinetics

384well plate layout

Negative controls: empty wells

Real data: Tetraselmisculture

Real data: marine prokaryotes from 3000 m. depth

@ 16S PCRpositives



Propensity to microbial composition biases

"HSU&HS' "HSU&HS' "HS%&HS
="/0 ="/0 ="/0
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What do the various techniques tell about microbiome




Single cell metagenomic$mozoa

Yoon et al.Science 2011

Lead Pls:
MLS phylogeny ShOtgun read sources HS Yoon (Bigelow) and DBhattacharya (Rutgers U)

Picozoainfecting nanovirus

Sequenced three Picobiliphyta SAGs
No evidence for autotrophy

Feed on bacteria and large viruses
Novel, picobiliphyte-infecting nanovirus






Takehome message

- We are still only scratching the surface. Current methods provide ol

partial and biased information about the genomic composition of

microbial communities (and multicellular organisms?)

- Reduced reliance on unverified assumptions is one of the key

advantages of single cell genomics, as compared to other techniqu



Bigelow Laboratory Single Cell Genomics Center

scgdigelow.org

Mission: make single cell genomics accessible to the broad
researchcommunity; serveas an engine for discoveries in
microbial ecology, evolution, bioprospecting and human health

¥ First center of its kind, established 2009

¥ Diverse samples: aquaticsoil, organismal microbiomes, etc.

¥ >1,000,000 cells analyzed, representing >70 phyla
¥ 60+ publications since 2011, 8 iscience Nature & PNAS

Locations of SCGC customers




My lab in 2005

¥ Rudimentary knowledge of genomics
¥ No sequencing capacity
¥ ONot idealO buildings

¥ No resources for major technology development or facility setup



What got SCGC working?

Placing research guestions first
Team of motivated, smart people
Tons of advice and collaborations
Method development, continuous since 2005, ~$3 M
Laboratory and IT equipment, ~$3 M

Core facility business model andmplementation
QC and benchmarking of entire workflow
Proficiency in and integration of technologies:

I Fluorescencactivated cell sortingFACS)

I 'Whole genome amplification

I Roboticliquid handling

I Cleanroom environment
!

!

!

DNA sequencing
De novoassemblyand other bioinformatics
Laboratoryinformation managemesystems (LIMS)




What got SCGC working?

Placing research guestions first
Motivated, qualified team
A lot of advice and collaborations
Method development, continuous since 2005, ~$3 M
Laboratory and IT equipment, ~$3 M
Core facility business model andmplementation
QC and benchmarking of entire workflow
Proficiency in and integration of technologies:
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I Cleanroom environment
!
!
!

DNA sequencing
De novoassemblyand other bioinformatics
Laboratoryinformation managemesystems (LIMS

—




What got SCGC working?

I Placing research questions first

I Motivated, qualified team

I A lot of advice and collaborations
Method development, continuous since 2005, ~$3 M
Laboratory and IT equipment, ~$3 M

Core facility business model andmplementation
QC and benchmarking of entire workflow

I Proficiency in and integration of technologies:
I Fluorescenceactivated cell sortingFACS)
I 'Whole genome amplification

I 'Roboticliquid handling

I Cleanroom environment

I DNA sequencing

I De novoassemblyand other bioinformatics

| Laboratoryinformation managemesystems (LIMS




SCGC LIMSbtaxonomy search




SCGC LIMSbgenealogy of one SAG




SCGC LIMSDFACS data



SCGC LIMSPMDA data
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SCGC LIMSDBSSU rRNA PCkKequencing data




SCGC QC: Tetramer PCA




SCGC LIMS



What got SCGC working?

Placing research guestions first
Motivated, qualified team
A lot of advice and collaborations
Method development, continuous since 2005, ~$3 M
Laboratory and IT equipment, ~$3 M
Core facility business model andmplementation
QC and benchmarking of entire workflow
Proficiency In and integration of technologles:

I Fluorescencactivated cell sortingFACS)

' 'Whole genome amplification

I Roboticliquid handling
| Cleanroom environment
!
!
!

DNA sequencing
De novoassemblyand other bioinformatics
Laboratoryinformation managemensystems (LIMS

—




Benchmarking SAG assemblies (QUAST, 5 replicate

Genome characteristics
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Assumptions:

1. Original assembly is correct.
2. No genetic changes since

Benefits:

1. Accurate interpretation of results

2. Continued method improvemer

1t<




Factors that may impair SAG genome recovery

Technical:
I DNA degradation during storage/shipping
I Failureto deposit a cell into a well

I Failure to lyse the cell

| Failure to denature DNA

I Uneven WGA

| Sequencing artifacts

I Assemblyartifacts

| Pipetting error at any lab step

I Computational error

Biological:

I DNA leaked from a mechanically damaged cell

I Cell Is In a dormant state

I HostDNA was degraded by a lytic phage

I Polymerase was hijacked by small, circular plasmids

I DNA was fragmented, e.g. due to desiccation

' DNA was bound to proteins and/or otlmeolecules, e.g. due to desiccation
I DNA was protected by intracellulaompartmentalization



SCGC QC: Cell sorting

Contamination prevention:

¥HEPAfiltered air, cleanroom techniques
Y¥Decontaminatiorf all reagents
¥Singledrop sort mode

YCareful drop delay and sort alignment
Megative controls on each sort plate

Small volumes is the key!
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<2% wells contain no bead
<0.4% wells contain more than one bead




Preventing particle -Gort
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Whole genome amplification kinetics

Individual reaction kinetics

384well plate layout

Negative controls: empty wells

Real data: Tetraselmisculture

Real data: marine prokaryotes from 3000 m. depth

@ 16S PCRpositives



QC of lab consumables



What got SCGQvorking?

I Placing research questions first
I Motivated, qualified team
I A lot of advice and collaborations
I Method development, continuous since 2005, ~$3 M
| Laboratory and IT equipment, ~$3 M
I Core facility business model andmplementation
0QC and benchmarking of entire Workilow
I Proficiency in and integration of technologies:

I Fluorescencactivated cell sortingFACS)

' 'Whole genome amplification

I Roboticliquid handling

| Cleanroom environment

I DNA sequencing

I De novoassemblyand other bioinformatics

| Laboratoryinformation managemesystems (LIMS

—




Excellent primers in management




Technology does not come first



The Hedgehog Concept



What got SCGQvorking?

I Placing research questions first
I Motivated, qualified team
I A lot of advice and collaborations
Method development, continuous since 2005, ~$3 [M
FTaboratory and TT equipment, ~33 M
I Core facility business model andmplementation
I QC and benchmarking of entire workflow
I Proficiency in and integration of technologies:
I Fluorescencactivated cell sortingFACS)
' 'Whole genome amplification
I Roboticliquid handling
| Cleanroom environment
!
!
!

DNA sequencing
De novoassemblyand other bioinformatics
Laboratoryinformation managemensystems (LIMS

—




Single Cell Genomics Pipeline



SAG crossontamination during sequencing

lllumina library cross -contamination Mechanisms:
SAG SCGC AG310-N17 (Firmicutes) I Miss-assignment of reads among multiplexed librar
| Sample carnover between runs

Solution:

| Dual barcoding

I Use ofNextSeq

| Extra care and validation of each step

Outcome:
I ~50 SAGs sequenced worldwide in 2€A(B14
I ~1k/10k SAGs sequenced at SCGC in 20036

= =7  => =E =F A>= A>? Al ASE A>F ?>=
B'C2'-+'(;,.$$,-D( I<;



Improved SAG de novo assembly

Misassemblies per 100 kbb

7.00 -

6.00 -

5.00 -

4.00 -
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2.00 -

1.00 -

Bl sPAdes only [ SPAdes + read normalization]_] SPAdes + contig size cap & trin]_] SPAdes + normalization + size cap & trjm

Prochlorococcus marinueCMP1375
1,751,080 bp, %GC=36.4

improvement: 3.8x

m [

Escherichia colK12 DH1 ATCC33849
4,630,707 bp, %GC=50.8

improvement: 5.0x

.

0.00

Sequencing effort = 15 mIn reads; 2x150 bp; ~4.5 Gb




Improved SAG de novo assembly

Mismatches per 100 kbp

140

120 -

100 -

80 -

60 -

40 -

20 -

B sPAdes only B spAdes + read normalization| | SPAdes + contig size cap & trin[_| SPAdes + normalization + size cap & trjm

Prochlorococcus marinuSCMP1375
1,751,080 bp, %GC=36.4

improvement: 8x

Escherichia colkK12 DH1 ATCC33849
4,630,707 bp, %GC=50.8

improvement: 13x

1 o

Sequencing effort = 15 min reads; 2x150 bp; ~4.5 Gb




Improved SAG de novo assembly

Indels per 100 kbp
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1,751,080 bp, %GC=36.4

improvement: 2.0x

Escherichia colK12 DH1 ATCC33849
4,630,707 bp, %GC=50.8

improvement: 4.8x
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Sequencing effort = 15 min reads; 2x150 bp; ~4.5 Gb




Improved SAG de novo assembly

Bases not aligning to reference
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improvement: complete elimination improvement: complete elimination

Sequencing effort = 15 min reads; 2x150 bp; ~4.5 Gb




Improved SAG de novo assembly

N's per 100 kbp
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Sequencing effort = 15 min reads; 2x150 bp; ~4.5 Gbj




Improved SAG de novo assembly
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improvement: 3.8x
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Sequencing effort = 15 min reads; 2x150 bp; ~4.5 Gb


































