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ETHzurich BIO390 - Metagenomics

Evolution and significance of microbiomes

From the origin of life to today Microorganisms
« originated some 3.8 hillion years ago

» drive biogeochemical cycles of elements (C, N, P, S, etc.)
« transform energy and biomass

A Atmospheric 02
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/ =10
b= ~0

T T T
4 billion years aga 3 2 1 |0
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Significance (examples):
* biogeochemistry: e.g., photosynthesis by microbes, carbon fixation/export, nitrogen
fixation
» health: help us digest food, provide essential
vitamins, prime the immune system
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Evolution and significance of microbiomes

From the origin of life to today
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McFall-Ngai et al.,
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Choanoflagellates
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Vertebrate

PNAS, 2013; Venn et al., Science, 2014

Microorganisms

originated some 3.8 hillion years ago

drive biogeochemical cycles of elements (C, N, P, S, etc.)
transform energy and biomass
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Significance (examples):
biogeochemistry: e.g., photosynthesis by microbes, carbon fixation/export, nitrogen

health: help us digest food, provide essential
vitamins, prime the immune system

Single organism-centric view

Genome

Environment

Ecology
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Phenotype

13 mio years
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Evolution and significance of microbiomes

From the origin of life to today
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PNAS, 2013; Venn et al., Science, 2014

Microorganisms

originated some 3.8 hillion years ago

drive biogeochemical cycles of elements (C, N, P, S, etc.)

transform energy and biomass

Significance (examples):

biogeochemistry: e.g., photosynthesis by microbes, carbon fixation/export, nitrogen

fixation
health: help us digest food, provide essential
vitamins, prime the immune system

Ecology

13 mio years

Holobiont view

Host genome
(static)
Metagenome
(dynamic)

Environment

Phenotype
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Describing microbial communities — Example 1

PD-1 blockade PD-1blockade
NONRESPONDER RESPONDER

Gut microbial community compositions

« can alter efficacy of treatments

S

YR

L‘ = Enrichment of specific microbial taxa influence

TBacteroidales 1 Bifidobacterium
FMT . .
/ \' Lot the response to cancer immunotherapy
T i E} @ Routy et al., Gopalakrishnan et al., and Matson et al. Science 2018
\ PD-1 blockade /
Tumor immune
microenvironment

T CD4° T, cells T CD8* Tcells
Antitumor response Antitumor response

POOR EFFECTIVE
GRAPHIC: V. ALTOUNIAN/SCIENCE

22.10.202

| 2222 s



ETHzurich BIO390 - Metagenomics

Describing microbial communities — Example 1

PD-1 blockade PD-1blockade
NONRESPONDER RESPONDER

Gut microbial community compositions
« can alter efficacy of treatments

= Enrichment of specific microbial taxa influence

TBacteroidales 1 Bifidobacterium
/ o \' T Adarmansi the response to cancer immunotherapy

1 Faecalibacterium|

Tumor@ @) Routy et al., Gopalakrishnan et al., and Matson et al., Science 2018
|

Test | « can be indicative for diseases
FOBT Hemoccuit . —> Statistical models of fecal microbiota composition
------------------- h
; e | =] .
Metagenomic test - jiAfRRARARR it ' 8 can predict colorectal cancer
Gombination test RARRAAARA 11777 Zeller et al., MSB, 2014; Wirbel et al., Nat Med, 2019

1 1 | I | 1
0.0 0.2 0.4 0.6 0.8 1.0

True positive rate of colorectal cancer prediction
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Describing microbial communities — Example 2
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Ocean microbial community compositions
« reveal previously unknown organisms and
genes (left bottom)

- implying novel taxa, enzymes and functions
Paoli et al., Nature, 2022

« similarities between communities not determined
by geography (right top)
- but strongly driven by temperature (bottom right)

Sunagawa et al., Science, 2015
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Overview

Microbial community structure
- microbial taxonomy and operational taxonomic units
« quantification of microbial community members
- diversity within a microbial community

Differences between microbial communities
- taxonomic differences between microbial communities
- differentially abundant features (e.g., taxa, genes, functions)

Working with microbial community genes and genomes
« reconstruction of microbial community genomes
- gene functional differences between microbial communities

22.10.202
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Review: microbial taxonomy

- Microbiologist have adopted the concept of taxonomic ranks:
Domain/Kingdom, Phylum, Class, Order, Family, Genus, Species

TABLE 3.1. Taxonomic ranks or levels in

ascending order = Phenotypic characteristics
Rank or level Example - morphology, physiology/metabolism, ecology,
Species E. coli exchange of genetic material
Genus Escherichia
Family Enterobactenaccae ..
O Biiiihiaes = Molecular characteristics
Class ¥-Proteobacteria * DNA-DNA hybridization
Phylum Proteobacteria « DNA sequences of individual genes
Domain Bacteria (e.g., 16S rRNA gene) or complete genomes

- Today, DNA sequencing and computational comparison is the method of choice to
classify microbial organisms and to study their evolutionary relatedness

22.10.202
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The 16S rRNA gene

30S small subunit of ribosomes in prokaryotes

- 16S rRNA

- encoded in genomes of all bacteria and archaea
conserved function as integral part of the protein
synthesis machinery

- similar mutation rate;: - molecular clock

22.10.202
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16S rRNA-based Operational Taxonomic Units (OTUS)

Hanson et al., Nat Rev Microbiol, 2012

a Taxonomic breadth
16S rRNA :
- encoded in genomes of all bacteria and archaea tghresouion @ O @ O % X ® K igenonypes
conserved function as integral part of the protein l o x o7 250 defiitions by
SyntheSIS maChInery Low resolution Domain

- similar mutation rate: = molecular clock
Used as proxy for phylogenetic relatedness
|dentity of 16S rRNA gene sequences

Owing to lack of prokaryotic species definition, >=97% <97%

97% sequence similarity is often used to define
‘'species’-like:

“Operational Taxonomic Units” (OTUs)

-2 10TU - 2 OTUs

| 22.10.202 |
4
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Amplification of 16S rRNA gene fragments by PCR

Microbial community

Metagenome

DNA O
extraction o
-

O o 16S rRNA amplicons

ACGCTCTGAGCGGTAAGCACTAAGTCACACTG
PCR-amplification

of 165 rRNA gene ACGCTCTGAGCGGTAAGCTCTAAGTCACACTG

ACGCTCTGAGCGGTAAGCACTAAGTCACACTG

ACGCTCGGAGCGGTTTGCACTAAGTCAGACTG

Amplicon ACGCTCTGAGCGGTAAGCTCTAAGTCACACTG
sequencing

ACGCTCTGAGCGGTAAGCACTAAGTCACACTG
ACGCTCGGAGCGGTTTGCACTAAGTCAGACTG
ACGCTCGGAGCGGTTTGCACTAAGTCAGACTG

| 12
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Quantification of OTU abundances

BIO390 - Metagenomics

All amplicons are aligned to best matching OTU and counted
ACGCTCTGAGCGGTAAGCACTAAGTCACACTG

ACGCTCTGAGCGGTAAGCTCTAAGTCACACTG

~OTU1

ACGCTCTGAGCGGTAAGCACTAAGTCACACTG
ACGCTCGGAGCGGTTTGCACTAAGTCAGACTG
ACGCTCTGAGCGGTAAGCTCTAAGTCACACTG

ACGCTCTGAGCGGTAAGCACTAAGTCACACTG

ACGCTCGGAGCGGTTTGCACTAAGTCAGACTG
ACGCTCGGAGCGGTTTGCACTAAGTCAGACTG

OTU2

\ OTU3

The result is an OTU count table, summarizing read counts for each OTU for each sample:

oTuU

51

52

53

0Tu1

234

87

166

oTuU2

23

0

a3

0TU3

137

191

)

oTU4

455

112

QOTUS

23

229

b6

Data analysis / interpretation: diversity, community dissimilarity,

sample classification

22.10.202
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In-class task 1: alpha diversity

Assume 4 different samples (A-D), each with 100 reads sequenced

OTUs Sample A SampleB SampleC Sample D
20 1 25
20 10 25
20 20 0
20 30 25
20 39 25
Sum 100 100 100

Wm g L pd s

= |
EEC’C'C'C'

In pairs, please discuss:

Q1: What are the factors that influence the differences between samples?

Q2: How may the number of reads per sample impact the results?
What measures can be taken to account for this effect?

How could the differences be formally described (i.e., measured in quantitative terms)?

22.10.202
4
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In-class task 1: alpha diversity

Shannon'’s diversity index (H’) Pielou’s evenness (J°)

R R =richness H'
) : : /
2L pi = the proportion of the i-th OTU, J =
- Zp ¢ In pi f’nax
5 where ni = the number individuals of the i-th OTU
and n = total number of individuals, that is:

ndn , o1 1
p|:n|/n Whel‘e Hmax:_ZElnE:lnR
i=1

that is, every species is equally likely

| 22.10.202 |
4
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Summary

Microbial community composition
« Microbial taxonomy, ASVs and operational taxonomic units (OTUSs): definitions and clustering
« Counting OTUs: taxonomic profiling
« Diversity within a microbial community: alpha diversity

OTUs alpha diversity
1 — > Shannon diversity index
0 2 . Function of:
2 - Richness (number of detected OTUS)
% 3 g - Evenness (frequency distribution of detected OTUS)
Z 4 —
5 . Normalization/rarefaction

22.10.202
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Overview of the Metagenomics part

Differences between microbial communities
- taxonomic differences between microbial communities
- differentially abundant features (e.g., taxa, genes, functions)

22.10.202
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Microbiome-wide association studies are analogous to GWAS

a Choice of cohort Analogous to GWAS, the microbiome can be linked to:

}[ I I « groups of individuals and/or health states

 differential response to drugs (or nutrition)

« differences between body sites

Examples:
« asymptomatic individuals vs colorectal cancer patients
 cardiatic drug digoxin inactivation by Eggerthella lenta
- Bifidobacterium spp. decrease with age
* body-site specific taxa

« organismal development (or disease progression)
Timeg —

22.10.202

Wang and Jia, NRM, 2016 | 4 |

18



ETH:zurich
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Microbiome-wide association studies are analogous to GWAS

b Sampling

Saliva

Wang and Jia, NRM, 2016

€ Metagenomic shotgun
sequencing

DNA extraction
AN

1

Library preparation

Sequencing

Microbial community DNA is extracted from
samples and randomly sheared into fragments

DNA fragments are “repaired” and used to
prepare sequencing libraries

Libraries are subjected to high throughput
sequencing

| 22.10.202 |
4
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Microbiome-wide association studies are analogous to GWAS

[ T ¥ T = TR R s T O o N o e

[y
=

12

Features (taxa, genes, functions)

HE B
sl HEE B

f Identify associations with disease

[ ]
+HETH H R
Abundance
Low Medium I High

Wang and Jia, NRM, 2016

Gene Disease classifier
Y/
"~ | Taxon Function
A B

:—|C

DNA sequencing reads are analyzed to quantify
the abundance of taxa, genes or functions (or to
generalize: “features”)

Abundance tables are analyzed to determine
differentially abundant features, e.g., between

groups of samples, to identify biomarkers

Machine learning is used to classify samples
and/or to identify relationships between the
microbiome and clinical/environmental phenotypes

- A basic requirement is to quantify the differences between samples

| 22.10.202 |
4
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How many of which OTUs/genes are found in a sample?
How similar are the OTUs/gene compositions between samples?

Within sample analysis

Features m
(OTUs / Genes) 1 2 3 45
B _

1 1
n ) . . 2 =
S o & &
£ 3 < \\ 3 3
S N e
& o o - B
z 4 < oV . 4 o
5 . 5

alpha-diversity N samples

N 7

Between sample analysis

[ 21



Concept Course in Bioinformatics

In-class task 2: beta diversity

OTUs

Sample B

LM s LA P
b =k =k ek ek

OTUs Sample A
1 1
2 1
3 1
4 0
5 0
OTUs Sample C
1 0
2 1
3 1
4 0
5 4

OTUs

Sample D

B W N

o N O NN

- In pairs, please discuss how pairwise similarities of

samples A, B, C, and D could be quantified?

-> Both qualitative differences vs quantitative differences can be taken into account.

22.10.202
4
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0OTUs

Sample A

Concept Course in Bioinformatics

In-class task 2: beta diversity

Ln s Lad Pl

OTUs

Sample B

[ R = R S S S Y

LM s LA P
b =k =k ek ek

OTUs

Sample C

uvi H W N

O R = O

OTUs

Sample D

B W N

o N O NN

Example: Jaccard index/dissimilarity

Jaccard index: J =a/(a+b + c)

where

a = # of species shared

b= # of species unique to sample 1
c= # of species unique to sample 2

Jaccard distance / dissimilarity: D=1 - J

22.10.202
4
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Mini-quiz

What is / are limitation(s) of the Jaccard index?

a) Differences in the evenness between two samples are not accounted for

b) Differences in the abundance of OTUs shared between samples are not accounted for

c) Differences in the abundance of OTUs not shared between two samples are not accounted for
d) All of the above

- Note: For Jaccard distance, only presence/absence of species are considered

22.10.202

| 22022 2
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Other distance (dissimilarity) measures

The formulae for calculating the ecological distances are:

S
> min(a,,c;) _ .
Bray-Curtis. D =12 a;= abundance of taxon i in sample a, and

> (g, +c,) ¢, = abundance of taxon i in sample c

=1

Zs:min(ai,ci) ZS:min(a,.,C,-)

Kulczynski: D =1-— =l i 2

2 S
2. 2.
i=1
Euclidean: D= fi:(ai = cl.)2
i=1

2
s
Chi-square: \/ (a 2 ) —C—’J with a, = Zai

(aic) €, =

. 2
Hellinger: D = Z( fi - ’c—’J with a, = ) a,
= a+ C+ i=1

22.10.202

| 4 | 25
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Visualize dissimilarities between microbial communities

For 2 (xy) or 3 (xyz) variables, data can be easily visualized in two or three dimensional space
For multi (n>3) dimensional data, distances can be ‘projected’ into lower dimensional space

Hierarchical clustering Linkage algorithms
% Similarity
0 50

2
o
o

single complete average

Q0

o

| 22.10.202

4 | 26
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Visualize dissimilarities between microbial communities

= For 2 (xy) or 3 (xyz) variables, data can be easily visualized in two or three dimensional space
= For multi (n>3) dimensional data, distances can be ‘projected’ into lower dimensional space

Hierarchical clustering

% Similarity
0 50

=
=
=

Q0

Non-metric dimensional
scaling (NMDS)

NMDS 1

Stress = 0.03

NMDS 2

Principal component or coordinate
analysis (PCA or PCoA)

Z BlqeuEs,

22.10.202

| 222
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Generalization and notation

Matrix m X n

where element xi,j is in row i and column j, and

max(i) = n and max(j) = m
m columns, | increases

N rows, i increases

»
»

Xy 1 X1 o Xy 3 [...] | Xim
X5 1 X35 [...]

X31 [...]

[...]

Xn,l
bbb
Y1 Y2 Y3 Ya Ym

label data

Feature data x (or observations, predictors):
"= |: rows - feature, |: columns - samples
= X, denotes the vector for the i-th feature
= X denotes i-th feature in j-th sample

Label data y (or dependent variable, response)
= vector of length m

Example: labels for y are 1=healthy, 2=diseased

Label binary binary
y,=healthy

1
y,=healthy 1
ys;=diseased 2
y,=healthy 1
[...] [...

T O Q o5 T

]

22.10.202

| 4 | 28



Concept Course in Bioinformatics

Determine differentially abundant features

Hypothesis testing: could an observed Question 1: in a clinical trial, you observe
difference also be observed by chance? differences in the taxonomic composition of stool
7o e sample_s frc_)m healthy vs. diseased individuals.
. 5 . Assuming it to be a true effect, what do you
S . expect from sampling additional individuals?
e T & I
E L | g o - U a) The fold change (effect size) of differentially
2 E 2 | ] 8 abundant taxa to become larger
E o & § - -nme--p-— B b) The p-value associated with these changes to
; . ® decrease
°© ° ° 4 — C) The confidence interval around the fold
| | S change to increase
1 2 1 2

groups (y) groups (y)

22.10.202
Sullivan and Feinn, J Grad Med Educ., 2012 | 4 | 29
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Determine differentially abundant features

Hypothesis testing: could an observed
difference also be observed by chance?

measured feature Xx;

L_J
9ZIS 103)J3

p=17e-54 p =4.2e-65
(@] < —
-
. 8
o — b
& o
. o o
! "Iq;) I
: ° N
' 2 :
1 3 1
1 U) 1
o @ o
AR
o o =
o)
| | | |
1 2 1 2

groups (y) groups (y)

Question 2: the likelihood of observing
significantly different features between samples
by chance increases with the number of features
for which a test is performed. What measures can
be taken to correct for errors introduced by such
multiple comparisons?

a) Correct the p-value according to the

number of tests performed

b) Repeat the test multiple times to reduce
the error

c) Reduce the number of features that are
tested
—> label-agnostic modifications to matrix

22.10.202

| 224022 ) 30
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Quantitative differences between microbial communities

- Describing quantitative differences between microbial community compositions:
* canidentify taxa (or other features) as disease markers

Taxonomic profiles of stool samples

healthy adenoma colorectal cancer

e | |
I T I 1 | HIII? Tl

A, -|.|'.'.'r|1.';'||' i hi T T,y Y

SO R A O

Iniiim! ENrml II1IILLIL lII IIII IIIFI‘IIJI %I II1II

OTUs

1 IIIIII

Samples (subjects)

Relative abundance change over controls

L ——

0.001 0.01 0.1 0 10 100 1000
| depleted in CRC -+~ enriched in CRC

Zeller et al., MSB, 2014 | 22-12-202 | 31
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Quantitative differences between microbial communities

- Describing quantitative differences between microbial community compositions:
* and be used to make predictions (classify) new samples, e.g. by machine learning

Tl o Y
i e d S .': | EEE T

Colorectal cancer prediction by microbiota analysis of stool samples

FOBT Hemoccult

AR AR |

Metagenomic test [RAAAFHAAF MMM MR TR |

L000=d

Combination test R R H

| | | | | |
0.0 0.2 04 086 0.8 1.0

True positive rate (FPR=8%)

| 22.10.202 |
4
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Summary — Part |l

« Dissimilarities of microbial community compositions (beta diversity) can be
guantified by different diversity indices

* Microbiome wide association studies aim at identifying relationships between
microbiome features (taxa, genes, functions) and phenotypes

« Statistical testing can reveal differentially abundant features (potential
biomarkers) between groups of samples

| 22.10.202 |
4
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Overview of the Metagenomics part

Working with microbial community genes and genomes
« reconstruction of microbial community genomes
- gene functional differences between microbial communities

22.10.202

| 22222 ) 3
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Sequencing microbial community DNA

Microbial community Metagenome

DNA
extraction

PCR-amplification
of 16S rRNA gene

Amplicon
sequencing

Same gene

from all genomes

Who is

there?

Shotgun
sequencing

Metagenomic reads Metagenomic contigs

Assembly —

Gene
prediction

All genes

from all genomes

What can they

do?

Genome
reconstruction

-

(L)
0

Reconstructed
draft genomes

Who can do what?

35
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Overview of generic* metagenomics workflow

DNA *This is generic; specific workflows can vary on
the order of steps here and how they are done.

When working with your own data you should never follow any pipeline
blindly. There can be critical differences based on your data.

— e o E— E— E— Em EE o EE EE EE EE Em EE Em Em o Em o Em = )

« sabre

* trimmomatic

extraction T T T T T T T T T T T ™ T night be done by sequencing facili
'sequencing _, " demultiplex ity filter/trim |
. emulitpiex uality niter/trim i
Library I faC|I|ty faStq files (split samples b;Pbarodes) fastqe/multige Erlemove a}gapterslprimers) faSta/q files I
prep aration @HISEQ2500:282:1:1101:1220:1944 1 Some tools: Some tools: SHISEQRS00282:1,1101:1220:1944 1 |
|

+
<G.<G<AGGIl...

« fastx_demux (usearch/vsearch)

+ bbduk.sh (bbtools suite of tools)

« idemp
« fastx barcode splitter (fastx-toolkit)

I
|
b e e e e e e e e e e - - - -

. . . read-based no-assembly path
Microbial community analysis
consider testing assemblies with and w/o s ool
assembly A . . Some tools:
path digital normalization ;bnom
Count Table MetaQUAST is a great
Sample_ABample_B | . tool for comparing

obj_1

0

428

obj_2

306

323

obj_3

217

1

assemblies

map individual sample reads to (co)-assembly

Generate coverage

contigs

Some assemblers and tools:

information (mapping)

» Megahit (assembler) .
= SPAdes (assembler) ?gmi;céols
» idba-ud (assembler) « bwa

» MetAMOS (assembler and analysis pipeline)

* MetaCompass (reference-guided)

« MetagenomeScope (visualize assembly graphs)

/

Gene calling
Functional/taxonomic ¢
profiling

Recovering genomes — A note on MAGS:
from metagenomes Gs (metagenome-assembled genomes) are

not the same thing as isolate genomes. They are
Some tools:

composite representative genomes of closely
related genomic lineages.

- anvi'o (interactive manual curation of bins; and much more)

- CONCOCT (kmer-based and coverage-based binning; also incorporated in anvi'o)

+ COCACOLA (kmer-based, coverage-based, and incorporates paired-read linkage of contigs)

+ MetaBAT2 (kmer-based and coverage-based binning tool)

Some tools: Some common genomics stuff
- prodigal (identifies open reading frames)

« prokka (runs prodigal and performs annotations)

* Mauve (whole-genome alignment)

+ GHOSTKOALA (web-hosted KEGG annotations) i * BinSanity (primarily coverage-based, optional second round kmer-based binning tool)
+ BLAST (protein nr db/refseq/COGs) PhYIOc?enoml('}? . cDiRag_llgrn l(g(genonr(fa-level Itaxonorgy: and muchdngorg)ﬂ hods)
. ool (a tool for evaluating bins recovered by different methods
om para I,VG « DESMAN (tool aimed at resolving strains)
genomics B
. Pangenomics
Env. distributions [Siea o oim x cwrcr sTexv soea]
o
1082 11 coolons Some tools: e . m. 09 o0 8 .0 ..@.
* anvi'o (integrated HMMs for common single-copy gene sets; integrated . . ‘-
. ; pangenomic workflow for identifying orthologs via OrthoMCL) . a8
| J g e = PanOCT (identifies orthologs utilizing synteny information) ‘8 . "’. _
| 8 I - StrainPhlAn/PanPhlAn (tools for strain-level analyses) m. 2 . ol "
Im 3 R » MUSCLE (alignment software) pEES 2% ®
B gluisse],,, » FastTree (very fast, pseudo-maximum likelihood tree builder) w0 ¢
- . * RAXML (maximum likelihood tree builder) e :
=R

astrobiomike.github.io

22.10.202

| 22022 ) 3
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Background: added value of metagenomics

Microbial isolate genome sequences

140000

9/2023 ¢
312,000 /

/ Microbial community

120000

100000

80000

60000 /
40000

20000 /

TETE ST —->However, most bacteria and archaea have
not been isolated and sequenced.
Metagenomics provides access, in principle, to all genomic
information within a microbial community. This allows us to
ask: “what can they do?”, in addition to: “who is there?”.

number of genomes

22.10.202
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DNA
extraction .
) DNA extraction
Preparaton = Sufficiently high guality and quantity needed
Microbial community Sa. DNA
5.00 =
- Contaminants:

- e.g., phenol, carbohydrates, EDTA

3.00 = Protein

oo 3) 2

A Protein:
2004 A : - tyrosine and tryptophan
I g i
1.00 - = : N L
1 E | DNA quality:
| € - - 260/280 ratio
0.00 = 1 8 i -
1 O 1 - 260/230 ratio
1 1

220 230 240 250 260 270 280 290 300 310 320 330 340 350
Wavelength nm

22.10.202

4 | 38
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DNA
extraction

— DNA extraction / library preparation

Preperaton * Sufficiently high quality and guantity needed

* Extracted DNA is sheared into smaller fragments (inserts)

Microbial community
* lllumina: ~300-600 bp; PacBio: ~20 kbp; ONT: no limit

22.10.202
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DNA
extraction

— DNA extraction / library preparation

Preperaton = Sufficiently high quality and quantity needed

= Extracted DNA is sheared into smaller fragments (inserts)

Microbial community
= Jllumina: ~300-600 bp; PacBio: ~20 kbp; ONT: no limit

22.10.202
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BIO390 - Metagenomics

Overview of generic* metagenomics workflow

DNA *This is generic; specific workflows can vary on
the order of steps here and how they are done.

extraction . might be done by sequencing facility
sequencing _, demultiplex ey QUAILY filtEr/trim ey :
Library faC|I|ty faStq files (split samples b;Pbarodes) tastqcimultio Erlemove a}gapterslprimers) faSta/q files
re aral‘jon @HISEQ2500:282:1:1101:1220:1944 1 Some tools: S tools: 5 :282:1:1101:1220:
prep Aeasdes oo
<G.<G<AGGIl... . ]‘gstx_demux (usearch/vsearch) + bbduk.sh (bbtools suite of tools)
« idemp

« fastx barcode splitter (fastx-toolkit)

Microbial community

Storage of DNA sequence information

- National Center for Biotechnology Information (NCBI)
- European Nucleotide Archive (ENA)
-  DNA Data Bank of Japan (DDBJ)

Databases

Data type DDBJ EMBL-EBI NCBI
Next Generation reads Sequence Read Archive Sequence Read Archive
Assembled Sequences | DDBJ European GenBank
Nucleotide
Samples BioSample Archive BioSample
Studies BioProject BioProject

22.10.202
Modified after astrobiomike.github.io | 4 | 41
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Overview of generic* metagenomics workflow

_______________________________ -
I
I fasta/q files :
I ;?(\:S’E;Egzgg% 782:1:‘\101:122011944 1 I
. . |
Assembly of reads into contigs | |
: assembly I
L] - - I
* Traditionally, all-by-all alignemts and | ,
shortest “path” through reads = contig | |
I
® TOday’ readS are red uced to k-mers to I i Cont|gs map individual sample reads to  contigs . Generate CoVerage :
flnd ShorteSt paths th rough a.” k-merS | Some assemblers and tools: T (mapplng) |
I SFdes (assembler Sometools: |
v v l: ﬂgzﬁo(gs(szg:g:ﬁaer and analysis pipeline) *bwa |
A ATGGCG I * MetaCompass (reference-guided) .
. » » 3 Lc’yl_ ! .|"Y| ” « MetagenomeScope (visualize assembly graphs) ReCOVerlng genomes ) . A note on MAGS: |
........ " ] CGTCCAR | from metagenomes i G S, |
’ o Shonned TGCAATG b e e e e e e e - - - oo — = _ompasite reprecéntative genomes of cosely
< R Shquenone rl A »: ; 'Il sC = anvi'o (interactive manual curation of bins; and much more)

11 - CONCOCT (kmer-based and coverage-based binning; also incorporated in anvi'o)
+ COCACOLA (kmer-based, coverage-based, and incorporates paired-read linkage of contigs)

. G + MetaBAT2 (kmer-based and coverage-based binning tool)
Genome: ATGGCGTGCA * BinSanity (primarily coverage-based, optional second round kmer-based binning tool)
| e e e e e * checkm (genome-level taxonomy; and much more)
+ + DASTool (a tool for evaluating bins recovered by different methods)
« DESMAN (tool aimed at resolving strains)

;l, @il @CRDI 61V @i @X ©WPCI 810XV _®UCA
i T
CGT
‘“‘, ............... °9g o .2 .“:.@
TG K om edges m.o e [ )
TGC o
GEA E'.'.' ‘L ® u. g
i ® % T & *
o o° @
AAT ® W LT
N c @ 2%
Contig: ATGGCGTGCA

graph of k-1

astrobiomike.github.io

22.10.202
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Overview of generic* metagenomics workflow

fasta/q files

>HISEQ2500:282:1:1101:1220:1944 1
ATCGGATCG...

Assembly of reads into contigs

* Traditionally, all-by-all alignemts and
shortest “path” through reads = contig

¢ TOday, readS are reduced to k-mers to i map individual sample reads to  contigs

contigs Generate coverage

find shortest paths through all kK-mers — soeseomien anstoon information (mapping)

* bowtie2

» Megahit (assembler) Some tools:
: : ke e
- » MetAMOS (assembler and analysis pipeline)
¢ etagenomic de-novo assemuplies ‘ e

* MetaCompass (reference-guided)

assembly

« MetagenomeScope (visualize assembly graphs)

R i — A note on MAGs:
produce many fragments of genomes from metaganomee. LM e

not the same thing as isolate genomes. They are

composite representative genomes of closely

(i . e .y CO n ti g S fro m d iffe rent g e no m eS) ?gmﬁot%zltgl:'acﬁve manual curation of bins; and mu;:ar:\e;r:ncmm"neagesv

- CONCOCT (kmer-based and coverage-based binning; also incorporated in anvi'o)

+ COCACOLA (kmer-based, coverage-based, and incorporates paired-read linkage of contigs)
+ MetaBAT2 (kmer-based and coverage-based binning tool)

* BinSanity (primarily coverage-based, optional second round kmer-based binning tool)

* checkm (genome-level taxonomy; and much more)

+ DASTool (a tool for evaluating bins recovered by different methods)

« DESMAN (tool aimed at resolving strains)

[o1 scor o ot o ‘_'%l
o
mb.... se .8 .o E.ﬂf!'.
® ® ’

astrobiomike.github.io
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Overview of generic* metagenomics workflow

fasta/q files

>HISEQ2500:282:1:1101:1220:1944 1
ATCGGATCG..

Assembly of reads into contigs

* Traditionally, all-by-all alignemts and
shortest “path” through reads = contig

L4 TOday’ readS are reduced to k-mers to : map individual sample reads to  contigs Generate Coverage

contigs

find shortest paths through all k-mers 1 sy seenssanons information (mapping)
- : |k e o
* Metagenomic de-novo assemblies | eAOS o ortler ana sy peine ./ e

* MetaCompass (reference-guided) -
Recovering genomes _; a note on macs:

| « MetagenomeScope (visualize assembly graphs)

produce many fragments of genomes | from metagenomes  SAs reE e seone ¢

not the same thing as isolate genomes. They are
composite representative genomes of closely

(i.e., contigs from different genomes) ~ """ """ 777" e oo o oy

- CONCOCT (kmer-based and coverage-based binning; also incorporated in anvi'o)

+ COCACOLA (kmer-based, coverage-based, and incorporates paired-read linkage of contigs)
+ MetaBAT2 (kmer-based and coverage-based binning tool)

* BinSanity (primarily coverage-based, optional second round kmer-based binning tool)

* checkm (genome-level taxonomy; and much more)

+ DASTool (a tool for evaluating bins recovered by different methods)

« DESMAN (tool aimed at resolving strains)

assembly

- How do we group (bin) these contigs to
recover the original genomes they

. - e
originated from?~ o e ST
T caps © . A ...: 5 :’ o

& T

astrobiomike.github.io

22.10.202

Modified after astrobiomike.github.io | 4 |
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Quality of metagenome-assembled genomes

Quality of MAGs

=  How do we assess if:
* a) contigs were binned correctly?
—> contamination
* b) all contigs of a genome were identified?
- completeness

Recovering genomes _; a note on macs:
MAGs (metagenome-assembled genomes) are
fro m metag e n O mes not lhe(samegthing as isolate gengmes. Th)ey are
composite representative genomes of closely

related genomic lineages.
Some tools: ¢ 9

- anvi'o (interactive manual curation of bins; and much more)

- CONCOCT (kmer-based and coverage-based binning; also incorporated in anvi'o)

+ COCACOLA (kmer-based, coverage-based, and incorporates paired-read linkage of contigs)
+ MetaBAT2 (kmer-based and coverage-based binning tool)

* BinSanity (primarily coverage-based, optional second round kmer-based binning tool)

* checkm (genome-level taxonomy; and much more)

+ DASTool (a tool for evaluating bins recovered by different methods)

« DESMAN (tool aimed at resolving strains)

astrobiomike.github.io

22.10.202

Modified after astrobiomike.github.io | 4
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Binning contigs into metagenome-assembled genomes

" Preprocessin .
g P ? From contigs to metagenome-
% % Samples from multiple sites or times assembled genomes (MAGS)
3
| | | | L
P, memw e n ST A Metagenome libraries (S1 > S4) . . .
§ voaE g unhy  vahy Distance matrices between contigs of the
4 [ o=t [ == [ o=t [ == .
S1 S, Ss S, B nitial de-novo assembly same sample based on (next slides):
= — a) Tetranucleotide frequencies (TNFs)
E e align reads to contigs . Ciy -
3 —= ! etaBAT (for each sample) b) Abundances of contigs within and across
contigs 151 S, S, S4I Calculate TNF for each contig Samples
w Cl mefle mmm mofis o= .
T WY VT R > C2 :ﬁm; Calculate Abundance per library
- H . . -
B e— & for each contig Identify clusters of highly correlated contigs:
T~ ' : ®Calculate the pairwise distance - metagenome-assembled genomes (MAGS)
TNFs 7_ contig abundances matrix
/ / ‘\‘ Generate genomic bins or
MAGS .'\ \} :: :' .: ':, Metagenome-assembled genomes

22.10.202

After Kang et al., PeerJ, 2015 | 4 |
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TNF Is constant within a genome and different between genomes

Tetranucleotide (k=4) frequencies

f
. “lllll||||||||||||||||||||||||||||||| T
= M 1 756 Contis 1

f

oy = 256 possecomtinatons {11 bbe 4 R S

> ' —
1 N Contig 2

large distance —
= |ow likelihood for

small distance —
>— high likelihood for
same genomic origin

f"1|I|I‘I|I|||||I‘I|Iulml‘l|hIuMI

> Contig 5—
256



ETHzurich BIO390 - Metagenomics

Contig abundances within and across samples

S, S, S; S,
C, LY - TN . W .
C, b, Al Aol mmm
C, St flnm mum sfals

C4 I N . S

S, |S, [S; |S, |sn
c, [5' |5 |5 |5 —
C, |10 |15 |15 |10
C, |10 |5 |5 |10 —
c, |10 |10 |10 |15
C. [5' |5 |5 |5 _
Ce |10 |15 |15 |10
C, |10 |10 |10 |15
Ce |10 |5 |5 |10 —

- Contigs with similar abundance within - Contigs with high abundance correlations
samples may be of same genome origin across samples are likely of same genome origin

22.10.202
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Insights by reconstructing microbial community genomes

Bacteria

Candidate phyla radiation
discovered by metagenomics

Two domains of life?

Bathyarchaeota 02

Odinarchaeote LCB 4

Archaea- o= Thorch i O
4‘& Thorarchasote AB_25
Thorarchaeote WOR 45
§ L sp. GC14_75
Lokiarchacote CR_4
: ~=@llll Eukaryotes
o3} Lc.3
Hel AB_125%
Lc2

Tree of life

Archaea

Hug et al., Nat. Microbiol., 2016; Zaremba-Niedzwiedzka et al., Nature, 2017; Martijn et al., Nature, 2018

a-Proteobacteria

Mitochondrial origin
not within Rickettsiales?

wane RiCkettsiales

22.10.202 |
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Genome annotation — protein coding genes

Gene prediction
 |dentify protein-coding (and non-coding) sequences in a (meta)genome

« Ab initio - using only the genomic DNA sequence

« most simple approach: find (large) open reading frames (ORFs)

- search for signals (specific sequences, codon usage, GC content) of protein coding
regions

22.10.202
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Genome annotation — protein coding genes

Example - Open Reading Frame (ORF) finding

Seqguence has 6 possible translations from nucleotide to amino acid sequence
LLAGCTTTTCATTIC TGACTG CAACGG GCAATATGT CTC TGT GTG GAT TAAAAAAAG AGT GTC TGATAG CAGC...
LAGCTTTT CATTCT GAC TGC AAC GGG CAATAT GTC TCT GTG TGG ATT AAAAAAAGA GTG TCT GAT AGC AGC...
LAGCTTTTCATT CTG ACT GCAACG GGCAATATG TCT CTG TGT GGATTAAAAAAAGAG TGT CTG ATAGCAGC...

...GCTG CTATCAGACACTCTTTTT TTAATC CACACAGAGACATAT TGC CCG TTG CAG TCAGAATGAAAAGCT...
...GCT GCTATCAGACACTCT TTTTTT AAT CCACACAGAGACATATTG CCCGTT GCAGTC AGAATG AAAAGCT...
...GC TGC TAT CAGACACTCTTTTTT TAATCC ACA CAG AGA CAT ATT GCC CGT TGC AGT CAG AAT GAAAAG CT...

- An OREF is a sufficiently large region between a start and a stop codon

| 22.12.202 | 51
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Genome annotation — protein coding genes

Prokaryotic gene structure

Regulatory Coding Region Termination
region i ’
5’ end 9 & ’jreglon 3’end
- _ =al
( [H | 11 | 0
Intergenic DNA  Distal Proximal Intergenic DNA
elements Promoter

l Transcription

—> -
5'end | I I ] 3'end
AUG UGA
Start UAA

2 UAG
RNA transcript Stop

\ 4

The 5’-UTR (untranslated region):
« from transcription start site to -1 bp of start codon
« contains ribosome binding site (RBS)

22.10.202
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Functional annotation of genes

— Genel — Gene 2

l l

Search against database

1

DB |dentifier
Database 1: KEGG K00847
Database 2: COG COG1940
Database 3: Pfam PF00480

— speciesy

Goal: assign to each gene its function

Gene sequences can be searched against different
databases that store information on known gene
functions

Widely used databases:

Kyoto Encyclopedia of Genes and Genomes (KEGG)
Cluster of Orthologous Groups (COG)

Protein Family domains (Pfam)

Comprehensive Antibiotic Resistance Database (CARD)
Many more...

22.10.202
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Functional annotation of genes: KEGG database

» Increasing granularity

Genes il
SO Gene families N Modules
peciesy K01647
Gene i+1 in species y+1 Pathways
-] Egi:gi —  MO00009 - Citrate cycle (Krebs cycle) —— CARBON METABOLISM
KO1682 B CARBON FIXATION

[.] METHANE METABOLISM
[..]

- Genes are members of gene families
- Gene families are members of modules
- Modules are members of pathways

22.10.202

| 22022 ) s
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Example: KEGG database

Kyoto Encyclopedia of Genes and Genomes

Map of known metabolic reactions
= Nodes = compounds
=acaasas = Connections = reactions

e o o 'e

:---,:-;'-.'-'f-.-:é, R catalyzed by known enzymes
e : e o L .
ety o= 1= == : = Enzymes grouped into KOs =
| M= L KEGG orthologous groups
| i Lo ; = Map divided into:
Ao il e -Irf-i- ----- B i —  pathways and
Rl Sy, : modules
1 I ¢ i i
= | 1y
! I
: i

22.10.202
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Quantification of gene abundances

All metagenomic reads are aligned to best matching gene

ACGCTCTGAGCGGTAAGCACTAAGTCACACTG
ACGCTCTGAGCGGTAAGCTCTAAGTCACACTG ~>| Gene 1
ACGCTCTGAGCGGTAAGCACTAAGTCACACTG

ACGCTCGGAGCGGTTTGCACTAAGTCAGACTG
ACGCTCTGAGCGGTAAGCTCTAAGTCACACTG Gene 2

ACGCTCTGAGCGGTAAGCACTAAGTCACACTG
ACGCTCGGAGCGGTTTGCACTAAGTCAGACTG
ACGCTCGGAGCGGTTTGCACTAAGTCAGACTG Gene 3

The result is a gene count table, summarizing read counts for each gene for each sample
Gene count tables can be summarized into KO abundance tables

KO abundance tables can be summarized into Module abundance tables
Module abundance tables can be summarized into Pathway abundance tables

| 22.10.202
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Insights by quantifying microbial gene abundances

Antibiotic resistance gene distribution in 252 gut microbiomes Resistance by time in use

B Approved for animal use
© Analog approved for animal use
Not approved for animal use
ol HI“‘ O LR I

antibiotics classes

=
o
o

=+ !

133 yearsago 34-66 years ago 67+ years ago

— detected in subjects (%) —

[

gene copy number in gut samples
2

v

Time of first publication

Forslund, et al., Genome Research 2013, Bioassays 2014 | 22-12.202 | 57
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Summary - Part Il

= Metagenomic sequencing and genome reconstruction provides access to studying
microbes in their natural environment where they live in complex communities

= Taxonomic annotation of a reconstructed genome provides information about its
‘novelty’

= Prediction of genes and their annotation using different databases provides information
about the functional capabilities of microorganisms

= (Genes can be grouped into higher functional levels and profiled to study gene
functional differences between microbial communities

22.10.202
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