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* A few words about the JGI
— who we are & what we do

* Single-cell genomics
— the why, the how & what to expect from it

* Single-cell science vignettes
— from symbionts to microbial dark matter

* Crystal ball
— what the future may bring




DOE Joint Genome Institute - a National User Facility

°* DOE runs 50+ national user facilities
° Incl. JGI, a high-throughput sequencing & analysis facility
— Walnut Creek
— 250 employees
— Research
— New technologies
— Collaborative research
— Building user communities

Serving as a genomic user facility
in support of the DOE missions . . .

DOE Joint Genome Institute 2800 Mitchell Drive, Walnut Creek, CA USA 94598
www.jgiidoe.gov | Questions? Contact JGI-Poster@lbl.gov
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JGI Sequencing Output
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Sanger Sequencing to Next-
Gen Sequencing by Synthesis

ABI 3730 Sanger reduced PacBio early access
MegaBase Sanger pffline lllumina GAllx lllumina HiSeL 2000
454 in Produchion 454 Titanium 454 1K lllumina MiSeq
454 offline
Solexa early pccess Solexalin Production| ABI 3730 Sanger offline PacBio RSII
454 early access SOLID early acges llluminga HiSeq 2500




JGI| Sequencing Platforms
- Y

Pacific
Biosciences RSII

Units 5 2

Most published single cells have been
sequenced on the lllumina platform:

HiSeq, (MiSeq)
TAppTeaton S rrirrary apraroutput rosrrays, ASSTITIOTY MITIPTOVETTICTTL

Sequence HiSeq Library QC, de novo, SynBio
Generator at R&D validation, methylation/
JGI epigenome
*Not supported by lllumina A y,




* Single-cell genomics
— the why, the how & what to expect from it



The cultivated minority

~1% cultivated

~99% uncultivated
ecological functions &

metabolic capabilities largely
unknown




In the context of phylogenetic diversity

SO Uncultivated taxa
(no 16S barcodes available)
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Major uncultivated branches in the bacterial ToL

O cultivated phyla
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Modified from Baker et al 2013 (Microbe)



The situation is similar for archaea

Crenarchaeota

RAMAN-1/2)
Terrestrial Miscellaneous Gp(TMEG Thicrachaeota (A
TMEG DPANN
HO2859A17 = MEG2
AMOS1A-4113-D04 -
MKCST-A3 _ Aenigmarchaeots (DsEG)

0.10

[ cultured
[ uncultured and (near-) complete genome(s) available

I .ocultured and no genomes avallable

Baker et al 2013 (Microbe)




EM3 GNO1-GNO5, GNO9, GN13, GN14

. | BRF1 . guerrero negro”
bacterial rice cluster

AC1 NKB19 OD1
Marine group A = SAR406 “OP11-derived 1”

NC10 OP1-OP4, OP6—0P9, OP11-12
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How to access the

coding potential?

uncultivated




<:| marker genes




cultured
I <:| marker genes

single cell target cell enrichment metagenomics

draft/ complete partial draft genomes, draft genomes, unassembled data,
genomes complete genomes complete genomes genome bins,
(rarely) complete genomes




cultured

single cell

N\

target cell enrichment

metagenomics

-

biased: only some players can
be cultured

biased: limited lysis & cell
isolation

biased: only some organisms
susceptible to enrichments

biased: assemblies largely
limited to abundant players

applicability: +

applicability: +++

applicability: +

applicability: ++++

culturing can introduce
genotype changes

genome snapshot at point in
time

genome snapshot at point in
time

genome snapshot at point in
time

axenic: no assembly
challenges

heterogenous populations
may be dissected

heterogenous populations:
assembly challenge

heterogenous populations:
assembly challenge

phenotypic characterization /
metadata: extensive

phenotypic characterization /
metadata: limited to non-
existing

phenotypic characterization /
metadata: limited to non-
existing

phenotypic characterization /
metadata: limited to non-
existing

generally less expensive

requires more specialized
equipment, costly, technical
challenges (bias, chimera..)

possibly requires more
specialized equipment, costly

generally less expensive




The single-cell approach: how it works

1 isolation

/... + __—_ 4 dNTPs 4 __\

polymerase random hexamers template DNA




Multiple displacement amplification (MDA)

* isothermal amplification process
°* requires polymerase + random primers + dNTPs

° + T—  + dNTPs 4

polymerase random hexamers template DNA
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MDA on linear & circular templates

Random phi29 DNA Random phi29 DNA
hexamer polymerase hexamer polymerase
— ®
p— — @ —
- —_ . T —_—— o ®
Single copy Single copy
linear DNA circular DNA
Binding of random hexamer
and phi29 DNA polymerase
v
—_— —_ Ny

DNA polymerization
by phi29 DNA polymerase

Strand displacement and

\
’\

extension of polymerization

o @

Multiple strand displacements
and synthesis of new strands

=S 2y

J. Rajendhran et al, 2008
(Biotechnology Advances)




Phi29

* DNA polymerase from phage phi29 (929)
* exceptional strand displacement properties
* --> 100 kb amplicons(!)

* replication at moderate temperatures

* extreme processivity

* 3'—>5" exonuclease activity

* high-fidelity (error rate ~5x10)

Template




Key challenges

‘.

CHALLENGE

1 Isolation  sample contamination

( ‘hitchhiker’ DNA)

_ [No universal lysis for all taxa}
1 lysis
Chimerism
Reagent contamination
MDA bias




Key challenges

H.o CHALLENGE

l isolation

l lysis

No universal lysis for all taxa

—

|

—

[Chimerism

)
—

MDA bias




QC of single cell data is critical

* 16S rRNA gene and marker gene phylogenetic
analyzes

* Tetramer analysis (Kmer Frequency Analysis) and
GC contents

BLAST analyzes and IMG’s Phylogenetic profiler

* Removal of contamination via binning and data
reload



Tetramer analysis
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Rhizobium sp. JGI 0001008-A16 - Plot of PC1, PC2, and PC3 ThiS I’ed ScaffOId haS pOintS in the main
cloud but extends well out.

Q

Clicking on the points in this scaffold
opens a separate window with more
detail on the scaffold shown below.

Chpping

- . INTEGRATED MICROBIAL GENOMES
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etramer analysis

Staphylococcus sp. JGI 0001002-123 - Plot of PC1, PC2, and PC3

The 30 below Is generated using the KING applet

O Mouse over a point to see genome In

Click on a point to see genome details

Use drag io rotate. Use SHIFT-drag to select points. Use CTRL-drag to reposition Image
Right-click to add selections to the genome cart
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GC contents

Select GC Content from
drop down menu then
click Show Histogram.
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Phylogenetic profiler

uideline by Scott Clingenp
(https://img.jqi.d
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Key challenges

‘.

l Isolation  sample contamination
( “hitchhiker’ DNA)

4 N\

Chimerism

CHALLENGE

A\
4 N\

Reagent contamination

G

A\
4 N\

MDA bias

A\ J/

G




A fraction of single cells can be recovered
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Clingenpeel et al 2014 (Frontiers in Microbiol)




Key challenges

‘.

CHALLENGE

l Isolation  sample contamination

( ‘hitchhiker’ DNA)

)

No universal lysis for all taxa}

1 lysis

Reagent contamination
MDA bias




Chimeric rearrangements

85% Inverted sequences

(A)
Genomic ——————
l‘\ I‘ >,
a \ \ \
Ch|mera -’:{>
(C)
Genomic - T—
y ~ /\; "
A
- /“ \\:";
Chimera — "

15% Direct sequences

(B)

Lasken et al 2007 (BMC Biotechnology)



Key challenges

‘.

CHALLENGE

l Isolation  sample contamination

1 lysis

( ‘hitchhiker’ DNA)

)

No universal lysis for all taxa}

4 N
Chimerism

G J

4 N
Reagent contamination




MDA — coverage bias

® E. coliisolate dataset
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MDA coverage bias

Shotgun sequencing theoretical kmer distribution
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MDA DNA normalization (wet lab)

L
shear + linker ligation I
' B BT/

‘ denaturation

‘ hybridization + DSN treatment

XXX
XXXXKXRX
‘ PCR amplification
| — ]
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[ —— ]
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Biased MDA
DNA pool

|
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Normalized
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Coverage normalization (computational)

File View Tracks Help
[Ecoli 41 [ gil489948731gb|U00096.2| % | [lIgblU00096.2|:2,578.422-2.586.997]cpl f @0 g =
| 9,507 bp

2579,000 bp 2580,000 bp 2561,000 bp 2,582,000 bp 2,563,000 bp 2,584,000 bp 2,585,000 bp 2,586,000 bp 2,587,000 bp 251
| | | | | | | | | | | | | | | |

Coverage

ATCCGCAAG_velvet 500
B.sorted.bam

Coverage

lsd0 - 531
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5 tracks loaded i i 403




JGI single-cell sequencing pipeline
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1-2 ul MDA reactions possible with Echo LH




Current limitations: 100 cells # 100 SAGs

(Whole genome\ 4 Single cell ) Sample Community

amplification isolation m’ profiling

(esrnagene) O Not every cell can be isolated Draft genome
identification
o Not every cell can be lyzed and WGA’d —
, | . I!I
——) o Notevery cell can be 16S ID’d
Genome Assembly Data QC Annotation Data curation
sequencing

| img/mer' ik 2%
oD = =
J0aaaa 5 —. il
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16S tags vs SAGs

Iversity:

Recovered d

Archaeal classes and bacterial phyla
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Benchmark experiment: what to expect?

P: Pedobacter heparinus
Size: 5,167,383 bp
® GC-content: 42%

E: Escherichia coli str. K-12

Size: 4,639,675 bp Sequenced 8 single-cell
GC-content: 51% genomes/each

M: Meiothermus ruber

Size: 3,097,457 bp
GC-content: 63%

Image source: http://www.standardsingenomics.org
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With minimal errors
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SAG assemblies complement each other

100 -

teness (%)

mpl

304 P heparinus E. coli : M. ruber
123456781234567812345678
# SAGs Assembled Together

Clingenpeel et al 2014 (Frontiers in Microbiol)
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Low CP values lead to larger assemblies

(o))

(&)

NN

W

Cp Time (hr)

N

P. heparinus
¢ E. coli

—_
A

A M. ruber
0 10 20 30 40 50 60 70 80 90 100
Genome Completeness (%)

Clingenpeel et al 2014 (Frontiers in Microbiol)
-]



A few words on sample preservation & preparation

ANT
FKEEL

Sample

. preservation
glycerol, betaine, DMSO, ..
(https://scgc.bigelow.org/PDFs/
Sample_cryopreservation_glyTE.pdf) Single-cell
isolation

Sample

collection v&

Sample
preparation

-

= 10° 10" 10 10 10t 10° 10" 107 w0 10t

w0 10" 10t 10* 10t 10° 10" 10° 10° 10t
SsC

Cell lysis

Alkali i
e Mo
- e

“Steps 18-23

Steps 13-17

Phylogenetic
screening

Rinke et al 2014 (Nature Protocols)




Does sample pre-treatment affect genome recovery?

Glturl ng g A & \ /organism Treatment Number of assemblies containg genomic location:

E. coli M. ruber P. heparinus Cryo || I : -
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wesnens 4711 000 1001 | i sl
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E.coli |FISH -4
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(FACS) 1 Tt
0 3 4 5
Reference genome size [Mbp]
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< 16+ T g
Multiple = & 30%
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Amplification 3 ¢ | 10% -
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e
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Sequencing &

Q\ta Analysis

J Clingenpeel et al 2014 (ISME J)
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Utility of single-cell data is nearly endless..

Anchors for
biogeography studies

\ [
2 S
EA = ""\'-
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Candldatus
ulcia muelleri DMIN
243,933 bp

References to
assess heterogeneity




Utility of single-cell data is nearly endless..
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Utility of single-cell data is nearly endless..
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Utility of single-cell data is nearly endless..

|dentifying novel
genomic features

Inferring phylogenetic §
relationships




* Single-cell science vignettes
— from symbionts to microbial dark matter



[ Marine Flavobacteria } [Sharpshooter symbiont} P\rabidopsis endophytes} [ Microbial Dark Matter }

R. Stepanauskas N. Moran J. Dangl MDM
(Bigelow Lab) (U of Arizona) (UNC) Community



Two draft single-cell genomes

Marine Flavobacteria sp.

‘ \

Syto-13

-»-»

single cells

Side scatter

Ramunas Stepanauskas
(Bigelow Lab)
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Assembly statistic MS024-2A MS024-3C sh Otg un
Assembly size [Mbp] 1.905 1.515 seq uenci ng
Estimated genome size [Mbp] 2.095 1.947

Estimated genome recovery [%] 91 78

Number of contigs 17 21

Largest contig [kbp] 684 549

Woyke et al, PLoS One (2009)




Extensive manual gap closures

—

Ace #3

1.44 Mbp

47 contigs
Longest 56 kb
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Ace #65

1.9 Mbp

17 contigs
Longest 680 kb




SAGs are representative of their environment

A MS024-2A

SAG-like DNA
in GOS samples:
e 0%
e 0.01%
® 0.1%
. 1%

x SAG collection
site

MS024-3C

100

©
o

t identity, %

e ]
o

60

70 4

Recruits per Mbp and 1% identity interval

0.1 1 10 100 1,000 10,000 100,000
e
\\ \\
] | 2
/ \
/ 1
t !

-

o
-

MS024-2A

MS024-3C

Dokdonia donghaensis MED134
————— Leeuwenhoekiella blandensis MED217
Flavobacteria isolate BAL38
Flavobacterium johnsoniae UW101
Flavobacterium psychrophilum JIP02/86
Polaribacter irgensii 23-P
Tenacibaculum sp. MED152

------- Pelagibacter ubique HTCC1062
------- Prochlorococcus marinus MIT 9312
------- Synechococcus sp. WH 8102

Woyke et al, PLoS One (2009)




[Sharpshooter symbiont}

N. Moran
(U of Arizona)



Green sharpshooter symbionts

Green sharpshooter (D. minerva)

« sap-feeding leafhoppers

Sulcia  Baumannia

harbors two symbionts

involved in plant pathogen spread (Xylella)

causes serious plant diseases

Sulcia as ideal candidate for single-cell finishing
uncultured ¢

small genome size Q’

simple single cell isolation ¢

fresh sample availability ‘/

polyploid ‘/




Single cell & metagenome approach

single cell

)(\\ % approach
metagenomic Q

5 sharpshooters approach

1 sharpshooter




Are the genomes identical?

Q

?]

Q




Are the genomes identical?

O TGAA[ttatca] TTAA
O CTAA[tgaagttaa] CCAT

O TAAA[agaaattgagaagttgcgaataataaa] TTTA
O CTTG[ctactta] ATAA




One complete single-cell genome

Sequence data

(Sangir/454)

Assembly

\

31 contigs

\

Gap closure / polishing

Region withrmajority of gaps

Candidatus
Sulcia muelleri DMIN l
243,929 bp

(Sanger/ lllumina)

Genome Properties

Genome Size [bp] 243,929
DNA coding bases [bp] 236,976
GC contents [%] 22
Total genes 261

Woyke et al, PLoS One (2010)




Evaluation of population variation

single cell \
approach

1 sharpshooter

i j(\\ @ , 2 SNPs found
metagenomic

25 sharpshooters approach ‘

low genetic diversity within

Sulcia population




[Arabidopsis endophytes




Arabidopsis microbiome project
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Arabidopsis microbiome project

Identifying the major determinants of microbial
community assembly

Host factors /

+. Root-associated ’\f/.'\ﬁ/

microbial
communities

—

Variables investigating:
Soil type — Mason Farm vs. Clayton
Full factorial design = Sample fraction — Bulk soil vs. rhizosphere vs. endophyte
1117 samples Plant age — bolting (young) vs. senescent (old)
16S pyrotag profiles Genotype — 8 ecotypes

Individual — Aim for 10 individuals per condition

J. Dangl




The Arabidopsis microbiome

Replicate: 1 2

PCo 2 (9.4%)

0.2 ® o CLyngEC
O O CLoldEC
o o3 omraaec  The endophyte community
S 'g oo! v ¥ CLyngR is unique and reproducible
; ¥V VCLoOdR . . .
. ¥ ViR and similar across soil
0.1 .e%&‘. 5 ¥V ¥V MFoldR types
. = mCLyngS
@5 Ar O OCLoldS
= m MFyngS
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Isolates, single cells & enriched metagenomes

Single cells

Flow-sorted
“mini-metagenomes”

S. Tringe




An endophyte genome catalog

Actinobacteria

99 isolates and 130 SAGs
fully sequenced
>50% of target OTUs

)
Alphaproteobacteria / Firmicutes
Cyanobacteria ',
m Single Cells , ‘ “
o Isolates Bacteroidetes = Chloroflexi
¥ B Betaproteobacteria S. Clingenpeel




[ Microbial Dark Matter }

MDM
Community



Expansion of phylogenetic diversity

Using single-cell genomics to look outside the lamp post



Expansion of phylogenetic diversity

R1
. Bacteriodetes
Thermotogae Caldiserica (OP5)
OPS8 Termite Group 1
\ Chloroflexi
)  \NitrospiraOP9 OP11
Acidobacteria Synergistes
S6,

GALO08
VP-21

cultivated

Thermodesulfobacteria

GaHsDictyoglo .

WCHB1-60
BD1-5_GN10_GN2

Aquificae \ M7
EM19 or Gal39 \ \
Kazan3B-28

OoP2— OoD1

SM2F11

BHI80-139 or CD12

Armatimonadetes (OP10)
\ OP8
Ws1 _
AD3_JG37_AG4 ] \ \ OP3
Actinobacteria \ \ P|anc{omyoetes
Gemmatimonadetes
Hyd24-12 Chlamydiae
yd24- \ L
BRCA GOUTA4 Verrucomicrobia
NPL_UPA2 0C31 >
WS3 \ Lentisphaerae
Chilorobi
Proteobacteria WWE1 | Fibrobacteres
eferribacters!
. [ SAR406
Fusobacteria Cyanobacteria \TM6
0.10 Deinococcus-Thermus |gpirochaetes

16S rRNA tree of known bacterial phyla




Natalia Ivanova

\\\-_n\\\kxw“". ""“",“\"““'ll”',
Stefan Sievert

LT T, S
Ramunas s ’s?e%nﬁta‘nam Brian Hedlund

Stepanauskas




Samples from 9 sites were selected




Some sites of high underexplored diversity

Sakinaw Lake

16S pyrotag data

100%

90% -

80%

70%

60%

50%

40%

30% -

20%

10%

0%

NKB19
T™M6
SHA-95
WS3
AC1

" Marine_group_A
OP11
oD1
OoP8
oP3

“ OP5

" WWE1

5 OP9

Nearly 50% of tags
assigned to
candidate phyla

¥ Cyanobacteria

B Synergistetes
Chlamydiae
Acidobacteria

¥ Haloanaerobiales

" Spirochaetes

B Verrucomicrobia

B | entisphaerae

B Actinobacteria

B Planctomycetes

B Proteobacteria

B Firmicutes

" Bacteroidetes

Chloroflexi




From nearly 10,000 cells to 200 draft genomes

@ o0 environmental
OQQ) %OJO samples (n=9) y
re

R

[201]

-
o" ' ~"l
o Y .,

~, 4 K4

%'——‘

4 ‘\
]

i draft genomes

|}

o
o
o
b !
°o ¥ Vol
o & N \
\ 1.
Q U U \. |_°‘!’
- * ./
isolation of single whole genome genome sequencing, “~ >
L T

amplification (n=3,300)  assembly and QC (n=201)

It

16S identification

cells (n=9,600)

Rinke et al, 2013 (Nature)




A good candidate phyla representation

Caldiserica, 1
CD12,4

BRC1,2 DHVE3, 3

YNPFFA, 6_\\

WWEL1, 37

1

ws3, 4 |
ws1,1 il

Thermotogae N

Thaumarch, 1_>§\,

Synergistetes , 1
Sd-NA, 1

SAR406 , 18

psL4, 14

pMC2A384, 1

Rinke et al 2013 (Nature)
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assembly size [Mbp]

Assembly statistics of SAGs

total assembly size number of contigs N50 contig size largest contig
o
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[ Individual SAG assemblies (n=203)

Rinke et al 2013 (Nature)




Estimated genome recoveries

genome coverage

§_

80
I

estimated genome coverage [%]

[ Individual SAG assemblies (n=203)
[[] Combined SAG assemblies (n=21)

Rinke et al 2013 (Nature)
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Filling some gaps in the ToL

| Patescibactena

before after

B TACK s PVC N TACK
2 DPANN

e Provided the first substantive genomic data for candidate bacterial
phyla SAR406, OP3, OP8, WS1, WS3, BRC1, CD12, EM19, EM3,
NKB19, and Oct-Spal-106, as well Nanoarchaeota-related groups

__* Resolved numerous intra-and interphylum level relationships

~ * Proposed new bacterial and archael super-phyla

o oy o [ T
g 5 £ Y

£ & = . 8

3 > ¥l £ B % 4% % 4
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Rinke et al 2013 (Nature)




Genomic and functional novelty

Bacteria | Archaea

>

€ = 2 B (
UGA recoded for Gly (Gracilibacteria) LGT from eukaryotes (Nanoarchaeota)

Growin: Oxidoreductase u
AA chaln U
m,r ADP m?/ ADP N
tRNA(Gly) Reduction
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| > :
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-
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Rinke et al 2013 (Nature)




Single cells as phylogenetic anchors

Example: Sakinaw Lake

O
© b ®
e, :

104 Reads in metagenome >108 O
Phylogenetic anchoring D

0% 1% 2% 23%

Rinke et al 2013 (Nature)
.. 0000000000000



Single cells assist in metagenome assignments

Sakinaw Lake Who can do what?

u assigned
= = G
unassigned J

metagenome / _ d bv dark " "
; u assigned by dark matter 4
‘ single cells )
i E 20% |
With dark matter

single cells
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2% 23%
Metagenomes

[SAK] Sakinaw Lake

1%

Read assignment

0.1%

0%

Single cells as phylogenetic anchors

19.56

Rinke et al 2013 (Nature)



Single cells as phylogenetic anchors

Assigned reads ; Assigned reads
Average best L before anchoring : after anchoring
BLAST hit
identity

Aminacenantes
(OP8)
22%

Modified from Rinke et al 2013 (Nature)




Novel stop codon reassignment

UAG ("amber")
UAA ("ochre")
DEEDD") - glycine

_ _ UGA is an additional glycine codon in uncultured
new translation table: SR1 bacteria from the human microbiota

“ . . n o James H. Campbell®', Patrick O’Donoghueb", Alisha G. Campbell®<, Patrick Schwientek?, Alexander Sczyrba®,
Candidate Division SR1 and = B i woyke” oieter soi?, and Mirea pocar=s2
=
- . ‘ *Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831; bDepartment of Molecular Biophysics and Biochemistry and "Department
7 " of Chemistry, Yale University, New Haven, CT 06520; “Genome Science and Technology Program and “Department of Microbiology, University
ra CI I a C e rl a O e of Tennessee, Knoxville, TN 37998; "Department of Energy Joint Genome Institute, Walnut Creek, CA 94598; and “Center for Biotechnology,
Bielefeld University, 33501 Bielefeld, Germany

25. Candidate Division SR1 and Gracilibacteria Code (transl_table=25)

AAs = FFLLSSSSYY**CCGWLLLLPPPPEHQQORRRRIIIMTTTTNNKKSSRRVVVVAAMRADDEEGGGG
Starts = ——eMemcc— e ———— e Mo o e e
Basel = TTTTTTTTTTTTTTTTCCCCCCCCCCCCCCCCAAAAAAAAMAAARAAAGCGGGCGGCGGCGGCGEE
Base2 = TTTTCCCCAAAAGGCGTTTTCCCCAAAAGGCGGTTTTCCCCAAAAGCGGGTTTTCCCCAARAGGGE
Base3 = TCAGTCAGTCAGTCACTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAGTCAG

Click here to change format

Differences from the Standard Code:

Code 25 Standard

UGA Gly STOP *




Stop codon reassignments in the wild

5.6 Th of unassembled
sequence data
, 450 Gb of assembled
oaE | VRS contigs >1 kb
Natalia
Ivanova

Standard || Amber || Ochre || Opal | Gene
hd e et - prediction
Stop
[ Q I Filtering and
quality control
.r' - \ " w—— —
Nikos Patrick 99.956%

Kyrpides Schwientek

14

Mb
48 Mb
198 Mb of
recoded

sequences

136 Mb

Ivanova et al 2014 (Science)




Sites of stop codon reassignments

Buccal mucosa

Attached gingiva

A ‘\; _Supragingival plaque

:\‘*\\Subgingival plaque
. Tongue dorsum

. Amber (TAG) Percent recoded
bases in sample

. Ochre (TAA) & p_‘_ "‘.

.Opal(TGA) >of% ..... v %.._,21%

M

Throat

Posterior
fornix

Stool
J

lvanova et al 2014 (Science)




Bacterial opal recoding in freshwater and human

Domain Recoding Habitat
Freshwater
Bacteria
Eukaryotes . \\ Human
Marine

Viruses
Unclassified |

{I 3ombcDs [ Amber

Host associated

Ivanova et al 2014 (Science)




Two stop codon assignment evens in bacteria

N —
N —
_{ EE——— e

[ ———

~Sample site:

=]
R

I Freshwater

Bl Human
Marine

I Cow rumen

I Muttiple

~Collapsed branches:

—

Recoded clades

114

-

~Sample type:
<> |solate genomes
OV Single cell genome
111lii| Metagenome contigs

N

Synergistetes
Fusobacteria
Acholeplasmatales
Firmicutes Erysipelotrichi
Mycoplasmatales
Entomoplasmatales
PVC superphylum
FCB superphylum
Spirochaetes
Microgenomates OP11
Parcubacteria OD1
PER group

Frasassi ground water
Frasassi ground water
Frasassi ground water
Frasassi ground water
ACD 80C "

Rifle site ground water
Frasassi ground water
Cow rumen

Human oral cavity
Human tongue dorsum
Human supragingival
Human supragingival
SR1-OR1 4

Human supragingival
ACD 78C ™

ACD 2C 4

ACD 3C "

Rifle site ground water
ACD 49C ™

Rifle site ground water
ACD 4C

Rifle site ground water
Frasassi ground water
Human supragingival
Frasassi ground water
Frasassi ground water
Human oral cavity
Saanich Inlet

SAG 278°

SAG 277 °

+Ov

3909989098
Mollicutes (class)

i + O
i + Orv

i + Orv

i
i -
[LH
i
i
i
i + Orv
i
i
i
i
[LH
[LH
i
i
i
[LH
i
i
i
i
[LH
[@» o4
(@ oV]

Gracillibacteria (phylum)

Frasassi ground water | JILTH

Ivanova et al 2014 (Science)



Microbial Dark Matter phase Il: A community effort

6}
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[
Sample Location Color Key Sample Progress Color Key

0 @ Meromictic lakes (o Accepted sites
@ Hot springs O Awaiting itag sequencing
@ CO,-driven geyser © sorted
@ Cooler sulfur springs SAGs Selected
() Deep sea/hydrothermal
@ Seawater or freshwater
@ Deep subsurface
@ Declined sites



John Spear Mostafa Elshaed Sean Crowe Brian Hedlund
Bigelow Lab uCB Colorado OK State UBC U Nevada

Ramunas Stepanauskas

T
)
_

Peter Dunfield Andreas Teske Hailiang Dong Paul van de Wielen Sari Peura Konstaninos Kormas
U of Calgary UNC North China KWR Water Uppsala U. U. Thessaly

Nikolai Ravin Matt Stott Chuanlun Zhang Karin Rengefors Steve Lindemann Nils-Kare Birkeland

Russian Acad. Sci. GNC Science Tongji University Lund University PNNL U of Bergen
L



Expected outcome

—

\ /
Ve

e More novel discoveries :@§
\
=

* Improved binning of metagenome data

* Understanding of DOE-relevant systems of JGI Users

* Microbial ecology & evolution
— Functional roles of candidate phyla in the environment
— Phylogenetic distribution of key metabolic functions
— Co-occurrences of candidate phyla

— Early evolution of bacterial & archaeal domains



What else is out thge?
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Search for new major branches

Large-scale assemblies of Advanced analyzes
- K-mer

- environmental nucleic acid . {rNA structure
scquence . - codon usage
- single cells lacking hvi
amplifiable rRNA genes phylogeny
= detection of non-

canonical bases

microscopy rRNA-based
molecular taxonomy

Leeuwenhoek V\_Ioese
discovery of discovery of
1st bacterium 1st archaeon

Is there a
4th domain?

Woese . : .
3 domains Massive single-cell genomics

Single cells/ GenTech groups

Deep analysis of massive
metagenome data
}l Kyrpides team

Woyke et al 2014 (Science)

Two JGI efforts:




One approach to look for “new major branches”
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- genome sequence ;N Vo
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L and assembly i ——ys
\ /
isolation of whole genom&_ Nl | 3 b /.
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16S identification




JGIX

JOINT GENOME INSTITUTE

Amplified sorted single cells
without 16S amplicon:
~4,000
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Where else should one look?




Where else should one look?

Environments mimicking that of early Earth

Earliest stromatolites  Biomarker evidence for cyanobacteria
(3.4 billion years ago) (2.8 billion years ago)

Sanford Underground
Research Facility
(D Moser)

Atmosphere

Great Oxidation
Event

Oxygen level (log scale)

Oceans
Anoxic Sulphidic

4 3 2 1 0
Time (billions of years ago)

Modified from Donoghue & Antcliffe 2010

Jjp == s R 2
I’Wl 216130 ’l“lﬂj

- Deep subsurface “oxygen free” environments Sarelie esi (4 Bers)



* Crystal ball
— what the future may bring




Modified from imgkid.com



Function-driven single-cell genomics

* “Next generation single-cell sequencing”:

* |dentification and pre-enrichment of uncultivated environmental
microbes that are involved in biogeochemical processes of
interest:

— targeted/ function-driven

— prior to sequencing

— without relying on any known genetic markers

— without cultivation biases 'f. 4 ! z‘
.

:
PR

“finding the needles in the haystack”

e

@,




Why function-driven genomics?

* Need to move beyond sequencing yet another genome and
narrow our focus on studying microbes that are involved in
biogeochemical processes of interest

* Function-driven genomics is part of JGlIs strategic future

* For single cells, adding a functional o
component is technologically highly novel 'f § o l‘
(“Next-gen SCG”) ! -

T AL




What is needed:

o\ \2,

Metagenomics: high throughput, but  Single-cell genomics: enables
genome context of functional genes genome context, but low throughput
often missing

| J
|

Neither methods is generally targeted




Function-driven single-cell genomics

Sample

.

Pre-screen

M @
PRI
R

(2] tHak

Single cell
isolation

|

Whole genome 16S rRNA gene Genome
amplification identification sequencing
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Total
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Function-driven single-cell genomics

Two examples:

Nitrifier diversity
ETOP: Michi Wagner (Vienna)/ Roman Stocker (MIT)

Emerging W BN Massachusetts
Technologies ETO P T3 CODEN I I I Institute of
Opportunity TN I I Technology
Program of L\~

i
20 pm

Plant carbon decomposition

- b .
JGI/S/? ‘ Jont l“"qw% [nstitute
A

JOINT GENOME INSTITUTE




Nitrospira diversity

Vetmed WWTP clone 5 (02/2009)
Vetmed WWTP clone 212 (02/2009) Cluster 2.1
dunghill clone 1
iron-oxidation biofilm clone 9
— activated sludge clone SBR2046
— Vetmed WWTP clone 124 (10/2010)
~ Vetmed WWTP clone 123 (10/2010)
Vetmed WWTP clone 18 (02/2009)
Vetmed WWTP clone 27 (02/2009)
[~ Vetmed WWTP clone 13 (02/2009)
Vetmed WWTP clone 25 (02/2009) Cluster 2.2
[ Vetmed WWTP clone 2 (02/2009)
—— Vetmed WWTP clone 203 (02/2009)
_LVetmed WWTP clone 1 (02/2009)
activated sludge clone SBR1015
— Vetmed WWTP clone 4 (02/2009)
—~ Vetmed WWTP clone 101 (10/2010)
— Vetmed WWTP clone 205 (10/2010)
— Vetmed WWTP clone 119 (10/2010)
- Vetmed WWTP clone 118 (10/2010)
Vetmed WWTP clone 122 (10/2010)
Vetmed WWTP clone 218 (02/2009)
Vetmed WWTP clone 28 (02/2009)
— Vetmed WWTP clone 20 (02/2009)
— Vetmed WWTP clone 32 (02/2009)
Vetmed WWTP clone 11 (02/2009)
— Vetmed WWTP clone 30 (02/2009) Cluster 2.3
iVetmed WWTP clone 17 (02/2009)
Vetmed WWTP clone 211 (02/2009)
4 Vetmed WWTP clone 111 (10/2010)
Vetmed WWTP clone 104 (10/2010)
I~ Vetmed WWTP clone 211 (10/2010)
Vetmed WWTP clone 105 (10/2010)
Vetmed WWTP clone 112 (10/2010)
Vetmed WWTP clone 107 (10/2010)
—— Vetmed WWTP clone 114 (10/2010) 1 6S rRNA
— Vetmed WWTP clone 109 (10/2010)
Vetmed WWTP clone 210 (10/2010)
— Vetmed WWTP clone 202 (10/2010)
— estrogen—-degrading membrane bioreactor clone M1-5
L Vetmed WWTP clone 7 (02/2009)
Vetmed WWTP clone 103 (10/2010) Cluster 2.4
— Vetmed WWTP clone 207 (02/2009)
— Vetmed WWTP clone 3 (02/2009)
stream bank clone 9
large lignite mine lake sediment clone 12/10
fluidized bed reactor clone 09

Nitrospira lineage Il clones (14)

Nitrospira moscoviensis
Cretan margin sediment clone HCM3MC80_8B_FL
Vetmed WWTP clone 204 (02/2009)
Vetmed WWTP clone 24 (02/2009) Cluster 2.5
drinking water distribution system simulator clone DSSD62

20 um

Nitrospira lineage Il clones (5)

M Wagner, H Daims, TK Lee



Raman-activated colony sorting
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Plant-carbon decomposition project
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~luorescent-labeled substrate approach
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Thank you!

Questions?



