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* Introduction
- Microbes
- Single-cell genomics
- Underlying scientifice question
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Table 5. Number and biomass of prokaryotes in the world
No. of

prokaryotic cells, Pg of Cin
Environment x 108 prokaryotes*®
Aquatic habitats 12 2.2
Oceanic subsurface 355 303
Soil 26 26
Terrestrial subsurface 25-250 22-215
Total 415-640 353-546

* Microbes are abundant:
~5’000°000°000’°000°000°000’000°000°000° OOO
prokaryotic cells (5x1039, five million trillion trillion)

« All cells in all humans: 7x10° x 1013 = 7x1022, i.e.
~70’000’000’000’000’000’000°’000 (a mere 70 billion trillion)

Table 6. Relationship of plant and prokaryotic biomass to ° RO u g h Iy th e S a m e b I O m a S S

primary productivity

Net primary Total carbon content, Pg of C aS pla ntS (~5OO Pg C)

productivity,* Soil and aquatic ~ Subsurface

Ecosystem Pgof C/yr  Plant* prokaryotes prokaryotes )
Terrestrial Ty 560 % 2215 Source: Whitman WB et al, PNAS 1998

Marine 51 1.8 22 303 Baserga 1985
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. * Norman Pace (Univ. Colorado, Boulder),
2001:

= « “Imagine if our entire understanding of
biology were based on a visit to the
Z0o0... And that's exactly the situation
we've been at in the microbial world
until really quite recently”

« ~1 % of prokaryotes grow on
plate (“zoo”, aka “The Great
Plate Count Anomaly”)

* ~99% to be studied!!! esone

Petri dish

“THE GREAT PLATE COUNT ANOMALY”

~100 times > cells than colonies, 99% unculturable




UPPSALA

UNIVERSITET HOW? Single-ce” genOmiCS

4
s e 5 Cell Ivsi 3. Whole genome
= V| /1. Cell sortingdpge <4 CEllIySIS amplification
L~ gell Genomic
s (FACS) DNA
Microbial sample /\
\ Single-cell
: \ amplified genome
SAG
6. Genome / ~Ae
Yelel Yo! totale! Yelele]
— -
2@ ®H® ®
Next generation sequencing s
9. Library preparation,| =y . TEuEy
pooling, sequencing = —

Microplate containing SAGs




e
e

2

UPPSALA
UNIVERSITET

BACTERIA

A

2
k4
N $
= E% e ol
Ea 3 ¥ Q
D% 3 §% £ 3
kS ?l 23| &0 2
33538 /8 % 3 : 3
% %eus | 5§ 2 4 8 2 e
% B LS \Q K B 2 g & &
% B\ +8 [ & %y §FS & @
NN 5% f f &
Yy, 5\ o S § /&
Chlorogy, 2~ %, 53 5 /< jrflum
biym, >, i "0/4 5 2 Methanospiri
Lepto e, )
vema. N, marine Gp. 1 low temp
Clostridium % P 110y,
Baci"“’“s L ggL ,g ebw'e n"emn
(v »
Heuobadebac\e‘ .34,
0 e B Sulolopy omp
et
RIS 27 L A
Carl Woese S IE ) P B REHARS
\o! A + %, o
o & @ TH %
© L )
3 )
3
2
%, B
T %
Zea. 0.1 changes / site
Cryptomonas —
Achh!(.a\a
e
o ST
Cés B
& 8,
&£ 5 %
g
g
S @ e
S 8§ = 3.
S 8o 2 S
S 5% kS %
g9 a5 %
UCARYA ¢§ §3 ® o %
z &3 G
¢ B o
Y 8 5
8 2 3
2 E Y
2

Pace, Science 1997

B

« Three Domains of Life?

Eukarya

Archaea

Bacteria

Archaea

Eukarya

Bacteria

Why? Origin of eukaryotes

B amitochondriate
eukaryote Alphaproteo
bacterium
Phagocytosis

/
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8.2

Eukaryote

Alphaproteo
bacterium

P
?

D

Archaeon

2,4

Eukaryote

Martijn & Ettema, Biochem Soc Transac 2013




What? Sampling

: % + Diverse and unexplored environments:

- New Zealand, 1000 hot springs project
(Matthew Scott)

- Yellowstone hot springs

- Ocean Dirilling Program expeditions
(expedition 331, Deep Hot Biosphere)

- Hawaii oceanic water
Sala silver mine, Sweden
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* Implementation in our lab
- Sample pipeline
- Galaxy pipelines
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Sample preparation

==
VAR

Sample pipelines
100s/year§

----------------------------------------------------------------------------------

SiCell platform

DNA extraction cell extraction

Cell sorting

!

Metagenomics

16S amplification/barcoding

v
/ 16S amplicons /
\2

16S analysis

SAG identification

16S amplification/barcodiéﬁg

2
/ 16S arzlicons /

16S analysis

Genomics

Library prep/barcoding

v
/ DNA library /

- - =1

I HiSeq 2500 I

l___;____

-_ Galaxy / SiCellOmics
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vt Galaxy pipelines

Assembly
Raw reads,
demultiplexed (fastq)
\Fontamination filter (phix, )I
Quality check = v | RAXML | lphylobaye5|

Contaminant DB

‘,...-' {'

Prottest

Comparative genomics Filtering report

Concatenation

Rapid evolution filter

Discordance filter

SPADES Velvet-SC IDBA ”
’ »
Evaluation S i Contamination filter |
(fasta) :

(mapping, coverage...)

I Individual gene trees |

Y

Filtered contigs/scaffolds
fast
fonsl / Protein alignments /

Visualize in ACT/
genoPlotR

A A
Find conserved
collinear regions

Assembly report

| Alignment trimmer |

Annotation Taxonomy (16S)

\ prodigal |l tRNA-scan l§ rnammer
Align and compare Completness report MAFFT/Muscle
Compare to COGs
Protein families

panortholog/RP
Protein clustering/

align new data to COGs

T Annotated /N A Ve e =
. & genome (genbank) e >
Order contigs -

Predicted
genes (fasta) -

A

swissprot | InterProScan nr siCell DB
t

—
\ ‘_____—__—/

: Y
Public databases

Complete
genomes DB
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Assembly

Raw reads,
demultiplexed (fastq)
\Fontamination filter (phix, )I

A {

* |nput: raw reads from
sequencing center

« Output: annotated
genome

I 2 Evaluation < / Contigs/scaffolds
[ ) e p O rtS : (mapping, Coverage"_:?_ =
Sy T ‘ ' """""""""
- Rea d S u a I It Filtered contigs/scaffolds
Assembly report s

- Contaminations

- Closest sequenced
organism

panortholog/RP

Quality check

Filtering report

O
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Annotation
prodigal lf tRNA-scan rnammer Attty (165)

Completness report

------------------------- ’

Annotated /N A Ve
- Completeness i gename genbant —
Predicted
genes (fasta)
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* Ribosomal RNA: 1.5 kb (SSU/16S/18S), 3 kb (LSU)

» Use proteome: in average ~2000 genes per genome
(range 150-12000):

- Find orthologous genes, align, concatenate, run
phylogeny
Issues:

- Tree of species # Tree of genes: paralogs, horizontal
gene transfers (HGT)

- Distant homologies hard to assess

- Very few genes conserved in all genomes small (~30)
- Phylogenies computationally costly

- SAGs are incomplete (20-90% of the genome)
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Phylogenomics pipeline

Phylogenomics

Trees

I RAXML ] lphylobayes]

« Task: find a set of orthologous

genes and organisms with the
following properties:

- Few HGTs

- Little (and evenly spread) missing
data

- Representative genomes (<100)

Genomes
A B |C
x |1 [1 |1
0 |1

Protein clustering/

align new data to COG

Genes
<

....4"Missing" data
s
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wwester - PRylogenomics — data seletcion
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® 100 f
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Genomes Methanocorpusculum__ 124484807
1!E‘ﬁjt.‘.t:haron'r,'ces_cerevis_Yr\'.R[JQSC
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Arabidopsis_tha_ATSGE0540.1_F
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1 1 3 FF r.1el"‘":»:-f rus_kandler_20094498
x 977 Ignisphaera_aggrega_305662970

Saccharomyces_cerevis_YFLOS0C
28| Pyrolobus_fumarii_1. 347522557

] Sho

L

Dictyosteliu_DDBDRAFT_0215963
lgnicoccus_hospital_156936950

Genes
<
o
N
N

r.'elhanoccanaera stadt_B84489480

Methanobacten n1 ‘R azy 10’114
Ferroqlobu=

Genomes

A B |C

Methanohalo! 75301
Methanosarcina_aceti_20000424
Aciduliprofundum_bo_289596145
Halalkalicoccus_jeo_30

54‘- Haloferax_volcanii__2926 3
}-alobactenun' l\Rt_, 1 1J|

Methanosaeta_ therrro 11br‘.;uJU
Methanospirillum_hun_88603569

([ J A A
y O 1 1 a5 r\ ethanoculleus_n‘ar 26177962

Genes




st Phylogenomics — filtering

Phylogenomics

Trees

* Per gene: discordance filter

- Compare all gene trees to all, count
conflicts

- Rank genes by sum of conflicts

lRAxML I lphylobayesl

8

O g i [ T T
8 o] oo o
§ IR 8
c

§ o R S
80 I I o Lo
8 Al I | e o
5 /M//j
O = _| I I [ [
go I I P [
2} | | | |l |l l|Il |ll‘

0 10 20 30 40 50 60

arCOGsrankedby increasingdiscordance
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Phylogenomics — filtering

Phylogenomics

_
 Per site:

[RAXML I

[phylo bayesl

Prottest

Concatenation

Rapid evolution filter
! Discordance filter |

I Individual gene trees |

/ Protein alignments/

| Alignment trimmer |

MAFFT/Muscle
Protein families

Protein clustering/ q
align new data to COGs

17

eeed "M SS]

A

vV

Public databases

- Calculate the global amino-acid
biases in a protein alignment

- Remove one site (column),
recalculate

- Rank sites by how much they
contribute to the global bias

Methanospirill_arcoG M----
Ignisphaera_aggrega_ P
Pyrobaculum_aerophil
Methanosphaera_arC0G
Methanotorris__arcoG
Methanoplanus__arcoG
Acidianus_hospitali_
Methanothermus_arcoG
Cenarchaeum_symbios_
Sulfolobus_acidocald M-
Aciduliprofundum_bo_

Viklund et al, MBE 2012
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A robust Tree of Life
< S
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Tnchomonas vaginalis

Entamoeba histolytica HM 1 IM
Levshmania infantum
Tetrahymena thermeophiia
0.98

Piasmodium falciparum
Ca KorarchaeumcryptolilumOP

Nancarchaeum equitans Kin4 M
1

UK
"
Ca Parvarchaeumacidophilus A JWA
Ca MicrarchaeumacidiphilumA
— Thermococcus kodakarensis KOD
— Py.'ococc1us funosus DSM 3638

> Methanospirillurm hungatel JF
lr"_:Merhanos;maeruia palustns E1
“ - - fgﬁfgﬁégﬁmﬁfy 1S MANCAT
Methanothermobacter thermauto
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0.9 1 Il{_

1121
i 2 |
Methanotorns igneus Kol5
A J Ccé
L— metanccaldocsecus jannaschi

Methanopyrus kandien AV19
Bacteria

0.7

Guy and Ettema, Trends in Microbiol 2010
Guy et al., CSH Perspectives in Biology, In press
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« Conclusions
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« Automatic generation of clusters
(OrthoMCL, TribeMCL, ...)

* Automated trimming of paralogs (hard)

« Complete automated pipeline,
Incremental database
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« Sequencing genomes from
single-cell in a high-througput
manner

" . * Exploring genomics outside the
Q 1% “z00” is now possible

» Galaxy is the tool of choice!

-_ Galaxy / SiCellOmics
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Scil wLab
« SiCell:

- Single-cell genomics (test) platform
from SciLifeLab, Uppsala Unviersity.

- Firstin Europe!

- Thijs Ettema & Stefan Bertilsson, co-
directors
Claudia Bergin & Anna-Maria Divne

« Ettema group (ICM, Uppsala
University)
- Thijs Ettema (PI)
- Jimmy Saw
- Anja Spang
- Anders Lind
- Joran Martijn
- Janko Tackmann
- Santhanam Kulasekara
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Gene tree =/= Species tree

A B C

Y

< <<
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Elkins et al, PNAS 2008

“Ultrathin filamentous
morphology”

Obligate anaerobes
Heterotrophes

Peptides as principal
carbon and energy
source

Our ancestor?
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Archaea in Novel COG db
arCOGs archaea (String)

120 8 10 euk
Taxon 10 bact
clusterin

Selected psi-
archaea | blasts

58 |

¥

Extended arCOG
clusters (256)

Align, trim individually 86
ML phylogeny

Manual paralog removal
Join split genes

fullConcatenate
(162) (ML,BP)

Remove clusters 86
with n < 3 bacteria

and n < 3 eukaryotes

3E3BnoEuk (67)
(ML,BP)
3E3BConcatenate

76 Remove (67) (ML, BP)
eukaryotes I
86

Start from arCOGs (Wolf et
al, Biology direct 2012)

Cluster taxa (CD-HIT,
threshold = 70%)

Add bacteria/eukaryotes (psi-
blasts to restricted
databases)

Draw trees, manual check
and remove paralogs

Remove clusters with little or
no eukaryotes




UNIVERSITET POSition Of eu karyOteS

 Run ML and Bayesian trees
with all eukaryotes

T
T Wi e o Test different filters
[ r - Remove HGT
|| ™ | | geermrepen | .. - Remove sites with strong
—— J_ —— amino-acid composition bias

l ‘[ » Test the effect of removing
N | e e taxa on the position of

(ML,PP) (ML)

* eukaryotes
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5 Ca_Korarchaeum_cryp_1702!

Manual curation of trees
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97
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100
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289596339
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174
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89538
di_2821652

3G etﬁanosaela thermo 116754828
100 H-aloarcula |[nansmort 55377795
Ig Ha 2|
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i — Methano Ianus petro_3073542
Methanospirillum hun 88601740
Methanoculleus_mari_T26178886
Methanosphaerula_pa_219852170
Methanocorpuscurm 124485365

Thermotoga_maritima_MS_TMO3!

alobacterium_NRC_1 15790499

oferax_volcanii__29; 65
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A D
80 99
B AB,CDE 80 C
ABE,CD 99
AB,CDE 84
ABD,CE 80
A D E
84 78
B C

Disc.score=2/(2*2)=0.5

Goal: remove clusters with significant
HGT

Starting point: 67 clusters (3E3B
dataset)

For each possible pairwise comparison:

- Get bipartitions for bootstrap trees in both
trees

- Keep only high-support bipartitions (HSB),
>75
- Sum the number of incompatible HSB

- Divide that by the product of HSBs in
each of the two trees

The discordance score of one tree is
the sum of all its pairwise discordance
scores
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Sum ofdiscordance scores

Supportvalue

0.5

0.3

0.1

100

60

0 20

arCOGsrankedby increasingdiscordance

W

—— TACK+E
—A— K+E
—— 3D
—>— T+A

<— E+Eur

v ) 4 1 > V4
| | | | | |

0 10 20 30 40 50

% genesremoved

Discordance filter

Rank clusters by
Increasing
discordance score

Remove increasing
fractions of the most
discordant genes

Assess the effect on
key splits

After removing 15%
of the data, most
nodes are supported
either with 0 or 100
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« Goal: remove sites with high amino-
acid bias

* Principle:

- Calculate x?-score for the whole alignment:
aa composition difference between a row
=Ty (0it) — E)’ and the whole alignment, summed over aa
E; ‘ and rows.

- Trim one position, redo the calculation, get
the difference between the trimmed and
the complete alignment

- Repeat for each site

« Estimates how much each site
contributes to aa composition bias

Methanospirill_arCOG M----
Ignisphaera_aggrega_ P
Pyrobaculum_aerophil
Methanosphaera_arCOG
Methanotorris__arCOG
Methanoplanus__arcC0G
Acidianus_hospitali_
Methanothermus_arcoG
Cenarchaeum_symbios_
Sulfolobus_acidocald M-
Aciduliprofundum_bo_ M-------

Viklund et al, MBE 2012
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 Removing sites in a gene-
specific manner: removing
the most discordant sites,

In terms of mean —
T fractions of sd

Distribution of delta chi2 in arCOG04071

Density
L L L L

1

1

0.00 0.01 0.02 0.03 0.04 0.05 0.06
1

1T T 7 7 7 T —_ - Assessthe effect on
£ 8] -y critical nodes
fe1 B4 « No noticeable effect...

Amountof standard deviations
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A 1 Metaliocsphaera sedula DSM 534 B 1 Thermaspnasra aggregans DSM1
. Metallosphaera cuprina Ar4 038 p. furococcus karmehatkensis
Acidianus hospitalis W1 S!aphylolhse;'gv:; ’a’"f:s"{(’:ﬁ 4F|1
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el 1

: i O (3 - L
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1
‘_- lI_' . Thermofilum pendens Hrk 5 .

e Nirosoarchaoum imoia SFB1 - Kind of converged

‘ e 0w e B (for comparison)

[ Sehenmed camig = - Concatenate SSU/

Thalassiosira pseudonana CCMP
Arabidopsis thaiiana LS U I'D NA
Dictyostelium discoideurn

- Trchomonas vaginalis
0.84 0.82 Entamosba histolyica HM1 1M - Same program/
1 5 Levshmania infantum
ol i Tetrahymena thermophiia methOdS
- e Pl@SMEdium falciparum 0 K
Ca Korarchae urnc'“plol:h..mOP | .
o Nanoarchacum oquitans Kind M - Made by Jimmy Saw
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— Thermococcus kodakarensis KOD
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