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Single Cell Genomics in a few data

* A growing field since 2007

« >350 papers (>25
Science/Nature/Cell/PNAS)

* Microbiology, Genomics, Cancer,
Blotechno_logy Stem Cells, etc..
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Single Cell Genomics (SCG) Report 2013: Market Size, Segmentation, Growth,
Competition and Trends
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DUBLIN, Navember 13, 2013 PRMewswire/ — RESERRCHANDMARKETS More by this Source

Research and Markets (nttp:/iwww.researchandmarkets.comiresearchih74k64/single_cell) has s e 11 L.
announced the addition of the "Single Cell Genomics (SCG) Report 2013: Market Size, b l%:oba.-and China
Segmentation, Growth, Competition and Trends™ report to their offering. Vitamin E Industry

Report 2013
(Logo: hitp:/photos. prnewswire.comiprnh/20130307/600769 ) 29 Nov, 2013, 1
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Novel metabolic features found in the SAG data set.
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1.“Everything starts with just a single cell”

Fluorescence Activated Cell Sorting vs Microfluidics
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Programmable microfluidic reaction array.
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2. (So far), whole genome amplification is needed
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Doing Single Cell Sequencing... we:
1) Discovered widespread planktonic Verrucomicrobia as key active polysaccharide

degraders in the microbial loop (Martinez-Garcia et al., 2012, PLoS ONE)

2) ldentified predominant photoheterotrophs and chemoautotrophs in freshwater
bacterioplankton (Martinez-Garcia et al., 2012, ISME J)

3) Unveiled the ecological interaction between protist and bacteria in natural
assemblages: predation and symbiosis (Martinez-Garcia et al., 2012, ISME J)

4) Assign virus to host in natural uncultured assemblages: one at a time
(Martinez-Garcia and Santos et al., under review)

Four different stories with the
same root: single cell sequencing




PART 1

Single Cell Genomics suggests Verrucomicrobia as key
polysaccharide degraders in planktonic ecosystems




1) Hydrolysis of polymers (polysaccharides, peptides and lipids) is a bottleneck in
DOM mineralization in the microbial loop

2) Studies have focused in the identification of bacteria involved in labile-DOM
remineralization (i.e. glucose and aa)

3) Two papers on the identification of bacteria involved HMW-DOM remineralization
(chitin and EPS) by Microautoradiography+FISH —— Bacteroidetes

Cottrell and Kirchman, 2003



Relevance of polysaccharides in marine systems

15% of POC
32% of HMW-DOM

50% of total phytoplankton primary production




5-15 billion metric tons of the LAMINARIN, XYLAN is a major polysaccharide
one of the most common storage hemicellulose produced by plants and
polysaccharides, are produced annually by algae (2" most abundant glucan)
algae and phytoplankton

Major polysaccharide in

Major polysaccharide in marine and freshwater, soils, estuaries,
freshwater systems and coastal areas
\ /

It has been demonstrated the bacterial hydrolysis

Y Maine goal of the project



Putative polysaccharide-degrading bacteria
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No-probe control

Optimization of the experiment

Killed control
4 uM laminarin, 20 min

4 uM laminarin, 5 min

4 uM laminarin, 12 min

ive units

Fluorescent microspheres
Gated events: 0 mL™

4 uM laminarin, 20 min

Gated events: 134 mL'1

4 uM laminarin, 60 min

Gated events: 4,387 mL'1

4 uM laminarin, 120 min

Gated events: 9,306 mL"™"

Green fluorescence, relat

Gated events: 8,504 mL"’
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Samples incubated with fluorescently labeled laminarin and xylan

Laminarin Control (HNA+LNA) —> Control water not amended with
polysaccharides
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Orange fluorescence,

Green fluorescence,

relative units

relative units
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Key result:

Verrucomicrobia is also
active within the
Bacterioplankton




Phylogenetic tree of positive-labelled Verrucomicrobia SAGs

a b Putative polysaccharide-degrading verrucomicrobia
abundances in SAG libraries
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110)
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Figure 3 oo



Phylogenetic tree of positive-labelled SAGs belonging to other groups

Putative polysaccharide-degrading bacteria
a b abundances in SAG libraries
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Sequencing SAGs by PacBio and lllumina...

i I | umina: g

Supplementary Table 2. Assembly statistic

AAAL164-A21 AAAL68-E21 AAAL64-L15 AAAlI64-O14 AAAL6B8-F10

Assembly size (bp) 1.011.436 2.060.559 2.641 408 3346 464 4.850.044
Estimated genome

recovery (%)

Number of contigs 754 1084 710 1141 1397
Largest contig (bp) 34216 31946 116022 57159 92178
GC content (%) 48 49 49 49 49
Hlumina

sequencing effort

(bp)

Pac-Bio sequencing

effort (Mbp) 328 476 429 170 430
Total predicted 920 1741 2237 2870 4157
genes

No.of genesin
KEGG/COG/Pfam

Estimated recovery: 88% for SAG AAA168-F10



Whole genome sequencing of the most predominant SAG phylotype

No. of glycoside hydrolases
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ANI values (%)

Genomic comparison among sequenced SAGs

SAG AAA168-F10
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Role of Verrucomicrobia SAG in polysaccharide degradation

glycoside hydrolases | mGH109 B GH13

OGH3 0O GH81
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O GH16 8 GH17
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0.8 - SAG AAA168-F10 B Sulfatases

0.6 4 E Carbohvdrate esterases
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Frequency of glycoside
hydrolases genes (%)
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3062 analyzed genomes



Going deeper in the potential polysaccharide degradation role...

A Active site of Laminarinase Catalytic residues ( * )
11,7* * * * * 150 * 170
Consensus GXWPAIWMLGDNIXQVG--WPSCGEIDIMEFVGKAPXETHGTAHTXXXGX
Identity - A e
gbAAC69707, Rhodothermus marinus GTWPAIWMLPDRQTYGSAYWPDNGEIDIMEHVGEFNPDVVHGTVHTKAYNH
gbABX81333, Acholeplasma laidlawii PG-8A GTWPAIWMLPTDWQYGS—--WPNSGEIDIMEHVGYDQNRIHASTHTQAYNH
gbABD74938, Sinorhizobium fredii TWPAFWMLGADKTP----WPENGEIDIMEQVGSAPDKIKGTIHTKATAR
gbACM22847, Thermotoga neapolitana DSM4359 v GIWPALWMLGNNIGEVG--WPTCGEIDIMEMLGHDTRTVYGTAHGPGYSG
gbACI18772, Dictyoglomus thermophilum H-6-12 GIWPALWMLGENITQVG--WPTCGEIDVMELVGHEPNKVYGTIHGPGYSG
gbADNO02324, Spirochaeta thermophila DSM6192 GIWPALWMLGSDIDTTG--WPSCGEIDIMELIGSVPNVVHGTVHGP-VSQ
gbADF53999, Zunongwangia profunda SM-A87 GIWPAIWMLGDNIGEVG--WPASGEIDIMEYVGRMKDTLHTTLHTPATHG
gbEARO00031, Maribacter sp. HTCC2170 GVWPAFWMLGSNITEVG--WPLCGEIDIVEYVGKMPDEIFTSLHTKDSHG
Verrucomicrobia SAG AAA168_F10 GVWPAIWTLGDNIPQVG--WPSCGEIDIIDFVGKAPGE IHGNAHFRQNGK
Verrucomicrobia SAG AAA164_L15 GVWPAIWTLGDNIPQVG--WPSCGEIDIIDFVGKAPGEIHGNAHFRQONGK
Verrucomicrobia SAG AAA168_E21 GVWPAIWTLGDNIPQVG--WPSCGEIDIIDFVGKAPGE IHGNAHFRQNGK
Verrucomicrobia SAG AAA164_014 PPWPAIWTLGDNIPQVG--WPSCGEIDIIDFVGKAPGE IHGNAHFRONGK
Y& Experimental proof of laminarinase activity
_s'g"'al ::\::e_sute
B

Score
s »

gbACM22847, Thermotoga napolitana DSM4359

gbADNO02324, Spirochaeta thermophila DSM6192

.0
N-terminus [HKFLELATIEVLISEPVTAQIGELLHEENFBGLENUT I B TGN GDUGHONGELOYYEEQNISITEIPGDAI

67

gbACI18772, Dictyoglomus thermophilum H-6-12 P

gbABD74938, Sinorhizobium fredii

80
74 gbAAC69707, Rhodotermus marinus
99 gbABX81333, Acholeplasma laidlawii PG-8A
78 Verrucomicrobia SAG AAA168-F10

58 gbADF53999, Zunongwangia profunda SM-A87
gbEARO00031, Maribacter sp. HTCC2170

0.1



This verrucomicrobia is potentially involved in other biopolymer degradation
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Conclusions:

1) Widespread planktonic Verrucomicrobia clusters with no prior knowledge
on their ecological role contain putative laminarin and xylan degrading
specialists that locally dominate this ecological niche —along with other
bacterial groups- in marine and freshwater systems.

2) Single cell sequencing and comparative genomics suggest

Verrucomicrobia as a major polysaccharide degrader in fresh and marine
bacterioplankton

OPEN (B ACCESS Fraely available online “ PLoS one

Capturing Single Cell Genomes of Active Polysaccharide
Degraders: An Unexpected Contribution of
Verrucomicrobia




PART 2
Unveil the ecological interaction between protists and bacteriain
natural assemblages: predation and symbiosis
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|~ free bacteria
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"Very cool" image showing the interaction between MAS T-4
and bacteria

Massana et al., 2009
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Targeting protists actively grazing
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Targeting free-living bacterioplankton
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Protists (18S rRNA gene)
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SAR 11 (Pelagibacter ubique) is highly connected with MAST groups in coastal areas
Negative correlation indicates likely predation

. o
- O\P’

Steele et al. 2011



Protists (18S rRNA gene) Bacteria (16S rRNA gene)
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PART 2
Unveiled the ecological interaction between protists and bacteriain
natural assemblages: predation and symbiosis

Conclusions:

1) Themostabundant marine protistgroup (MAST-4) putatively
grazing onthe ubiquitous Pelagibacter ubique!!

2) Revealed the identity of protists grazing on widespread marine
Bacteroidetes and Actinobacteria

3) Gammaproteobacteriaas preferred prey in mixotrophic protists

4) Discovered new putative symbionts in Cercozoaand Crysophyta
groups

SHORT COMMUNICATION
Unveiling in situ interactions between marine
protists and bacteria through single cell sequencing

Manuel Martinez-Garcia', David Brazel'#, Nicole | Poulton’, Brandon K Swan’,
z', Dashiell Masland', Michael E Sieracki’
skas'

gelow Laboratory for Ocean Sciences, West Boothbay Harbor,



Part 3
Assign virus to host in natural uncultured assemblages: one at a time

Manuel Martinez-Garcia*, Fernando Santos*, Mercedes Moreno-Paz, Victor Parro, and Josefa Anton

*equally contribution
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Easy when you can culture the pair....



Combining Single Cell genomics and Microarray technology: a new approach to

Assign virus to host in uncultured natural assemblages
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52 nanohaloarchaeon SAGs from Single Cell Sequencing (CR30)

AB-577_G15
AB-576_F05
AB-576 D23
AB-578_J10
AB-578 K11
AB-578_F02
AB-578_ P05
AB-577_G17
AB-578 C18

| AB-576_A08
AB-576 118
AB-576 105
AB-577 E15
AB-576 C06
AB-576 L21
AB-577 D09
AB-577 A08
VAB-578 D20

100{ AB-576_119
1 AB-578_106
AB-578_L21
AB-578 P21
’{ AB-578_M09

AB-576 A23
AB-578 117
AB-576_B20
AB-576 C03
AB-578_A07
AB-576_N15
92| | AB-577 P05
AB-577_D02
AB-577 PQ7
100 AB-576 P03

(=]
1~

52

AB-577_E16
AB-578 123
AB-576_G14

AB-576 D22
—{— AB-578_006
AB-578_011
AB-576_D04
AB-578 J17
AB-577 N13
AB-577_G21
AB-578_B13
AB-578 A14
AB-577 A16
AB-576_N09

AB-5787116

AB-576_N06

ﬁ_AB-578 G20
AB-576_P23

Candidatus Nanosalina JO7AB43

p; 1
/

/
=> Infected Nanohaloarchaea

(SAG AB578-D14)

Nanohaloarchaeal chip
(52 triplicated spots)

100 Candidatus Nanosalinarum JO7AB56

0.05

L ag. - )
candcausnaorevviaus  Infected SAGS: positive in

the microarray



Sequencing both the host and the virus

Table S1. Illumina MiSeq sequencing results for the SAG AB378-D14 and the
corresponding viral fosmid C23

Qualitv score

No. of ) Mean read
total reads (% of total reads) length (bp)
Q30 Q20
Host AB>78-D14 8,330,570 926 89 8 179
Virus (fosmid insert) 11,911,500 023 895 190

Table S3. Assembly comparison of performance of SPAdes, CAMEERA meta-

assembler+Geneious E6.1 and WVELVET assemblers (36-3§) for the

nanohaloarchaeon host D14

Assembler No.total No. Total Max. NG30* N0z
contigs  contigs nucleotide length value

=1000bp assembled contig (bp)

SPAdes 962 112 1028544 54146 2741 9219

CAMERA

Meta-assembler ¢ 106 477107 39523 <200 1722

+ Geneious R6.1  © - - -

assembler

VELVET 332 62 209361 17300 =200 2766

*Since assembly sizes from the three strategies was verv uneven (0.2-1 Mbp). the NG30
statistics was used to compare the three resulting assemblies. The NG30 statistic is the
same as the N30 except that the genome size was used rather than the assembly size.
Genome size used here for normalization was that from SPAdes.

=0Only contigs of 300 bp and longer were taken in consideration for N30 estimation



Mapping reads from the single nanohaloarchaeon cell onto the cloned virus

99% mapped

100x

._
<
-~

Coverage (logl0)

: Ix
virus NHV-1 1—2 — : T 10021 bp
ORFs l$ DNA primase I-[F n HP asrR HP I-l; terminase
epimerase-like

Assembly of virus cloned in fosmid

Most viral ORFs were related to ORFs from Garcia-
Heredia et. (2011) al and Santos et al. (2010,2011)



Virus NHV-1: two quasispecies

A 2685X

o

g

o

>

<

&)
Claned virus NH V-1 (nucleotide position) 7300 e s 1+
SNPs @ ® 0 @ OGN @ wow

7Y 10. MO1269:8:000000000-A46MB:1:2105:9693.19357 1 N0 3 extraction CGAGABEETGACGGTGGTTGEAAACACETTAGAAGGGTEEGGATT
Ray 11. M01269:8:000000000-A40MB:1:1111:21495:13460 1:N.0:3 extraction CCACABGET GG T TT CCANACACETTACAAC (CTEE CATT
REV 12. M01269:6:000000000-A46MB:1:2109:5414:16812 1:N.0:3 extraction CGAGABCCTGATGGTGGITGEAAACACCTTAGAAGGGICAGGADD
FEV 13 M01269:8:000000000-A46MB:1:1111:21224:5606 1:N.0-3 extraction SGAGACEETGAGGGTGGITGCOAAACACETTA GATT
FEV 14 M01269:8.000000000-A46MB:1:2104:19109:9419 1:N.0-3 extraction EGAGATOOEG GRG GEANACACETTAGAANGGGREEG
FEV - 15. M01269.8:000000000-A46MB:1:1108:15734:25776 1:N.0:3 extraction CGAGACCETGAGGGTG GEAAACACCTTAGAAGGGTEEGGATT
RO - 16 M01269:8:000000000-A46MB:1:1108:15734:25776 2.N.0:3 extraction EGAGACEETGARGGRGGREGEAAACARSTTAGAA
Fe0 - 17, MO1269-8:000000000-A46MB:1:2113:21363:17329 2.N.0:3 extraction CGAGAGCOTGATGGGIGGTTGEAAACACCTTAGAAGGGRCEGGATT
FEU == 18, M01269.8.000000000-A46MB:1:1108:20595:13687 1:N.0:3 extraction EBGAGATUECTGABGGEG GEAAACACCTTAGAAGGGICAGGATT
FEO - 19. M01269.8:000000000-A46MB:1:1108-20595:13687 2.N.0:3 extraction EGAGACECTGARG GTGGPTGCARACACCTTAGAAGGGPCEGGATY
FR0 20. M01269:8:000000000-A46MB t.|108 5187:17793 1:N.0:3 extraction GGRGOGIECEARACACETTAGRAAGGGEREEGGADY
Fe0m- 21. M01269.8:000000000-A46MB:1:1113:22825.10301 1:N.0:3 extraction EGAGABCETGACGGGTIGGTTGCAAACACETTAGAAGGGTCEGGADTT
022 MO1269.5 000000000-A46ME 1210116266 36857 1-1.0'3 extraction CGAGACCETGATGGTGGITGEAAACACCTTAGAAGGGTCEGGATT
Fe0 = 23 M01269.8:000000000-A45MB:1:2103.8045:9713 2:N:0:3 extraction CGAGACCCTGATGGTGGTTGOARACACETTAGARGGGRCEGGATT
PO 24. MO1269.8:000000000-A46MB:1:2112:14805:23675 1:N.0:3 extraction CGAGACCCTGATGGRGGIPGCEAAACATCCTTAGAAGGGICEGGADT
FeO®- 25 M01269.8:000000000-A46MB.1:2113:17063:14898 1:N-0:3 extraction CGAGACCOTGACGGTIGGTPGCAAACACCTTAGAAGGGTECGGATT
FEY - 26, MO1269:8.000000000-A46MB:1:2113:17063.14898 2.N.0:3 extraction CGAGACEOTGATGGTGGITGEAAACACCTTAGAAGGGPEEGGATT
#%0 27 MO1269:8:000000000-A46MB:1:2106:18062:22304 1:N.0:3 extraction EGAGACCOTGACGGTGGIT:
£90 28 MO1269:8.000000000-A46MB:1:1107:7313.16660 1:N.0.3 extraction CGAGATCCCT GGPTGOAAACATCTTAGAAGGGRCTGGADT
riy . 29 MO1269.8:000000000-A46MB.1:1103:7720:13044 1:N:0:3 extraction EGAGACCCTGARGGRGGCTTGEAAACACCTTAGAAGGGCREUGGATT
0 30. MO1269:8.000000000-A46MB:1:2109:18166:22122 1:N.0:3 extraction GGTGGDRGCAAACACCTTA
FS0 = 31, M01269:8.000000000-A46MB:1:1103.7720.13044 2:N.0:3 extraction CGAGACCETGACGGTGGTTGCEAAACACCTTAGAAGGGTCEGGATT
50 32 M01269:8:000000000-A46MB.1:1112:22605:23055 2:N.0:3 extraction CGAGACCOT GPTGEAAACACCTTAGAAGGGTCEGGATT
S0 @ 33 M01269:8:000000000-A46MB:1:1112:14893:22293 2.N:0.3 extraction GAQGGRGGTPGEAAACACCTTAGAAGGGREEGGADY
S0 =~ 34, MO1269 8.000000000-A46MB:1:1101:23354:21402 1.M.0:3 extraction CGAGATCECTGAGGGIGGTTGOUARACACCTTAGAAGGGREEGGATT
0 35 MO1269.8.000000000-A46MB:1:1108:11787:2731 2:N.0:3 extraction CGAGATECTGACGGTGGTTGOAAACACCTTAGAAGGGTCEGGADT

Virus NHV-1 quasispecie A (cloned virus) CGAGACCCTGAAGGCGGCTGTTAAACACATCCGACGCTG

Virus NHV-1 quasispecie B (from SAG DI4) CGAGACCCTGACGGTGGTTGCTAAACACCTTAGAAGGGT
| 10 2 k. 9 50 L] 0 80 00
B HSVEDCETKDSTE TR TERALTECHTVI? DEGRARD APGEF VVVGHN CHGEY VD TR TS CECKDARYRDPIGGCKHVRRTRIAQGE TPUP AG
gene 8 [N BN B

. C_Ioned_virus NHV-1  uyEDCETRDSIETRTERALTECHTVLPDHEGRAEDAPGLFVVVGENCNGEY LVD TRTESCECKDAKYRDPBGGCKHEPRCR IAQGETPVPAG
Virus NHV-1 infecting SAG DI4  ¥SNEDCETKDSIETRTERALTECHTVLPDHGRAEDAPGLFVVVGENCNGEY LVDTRTESCECKDAKYRDPIGGCKHERRIR IACGETPVPAG



Virus NHV-1 is a “common” virus (is not that weird...)

Identity (%)

Santa Pola, crystallizer CR30 (Spain)

100 ® 4 o + +» =

85

80

75

70

Lake Tyrrel-Metaviromes (Australia)

0

|
o7 X DS g 1

ihs

A &

DNA primase

= = =4
] - = [ ]
. . |
i w - |
c o
; LA
. -
= pa
T JOR
A A l: ‘{ 1‘_.,; ‘=*

I Ars reErissor Termmise

2000

4000 6000 8000 10000
Virus NHV-1

Recruitment frequency (%)

+ Metagenome CR30
m Metavirome CR30

+ SRX117685
= SRX117684
» SRX117682
< SRX117681
« SRX117680
* SRX117679



Recruitment of virus NHV-1 against a 454 metavirome from CR30
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Dinucleotide frequencies PCA plot: validating our hypothesis of assignment
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Genomic comparison: SAG AB578-D14 vs Nanosalinarum

SAG AB578-D14

m Conserved proteins

m CDs with function
prediction

m Hypothetical proteins

A
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Most HP from SAG AB578-D14 (nanohaloarchaeon host) present in metagenome

Percentage
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Metagenomic data from Ghai et al., 2011
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