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Overview of this talk

Microorganisms

Microbiome

Metagenome

Taxonomic analysis of metagenomes

What’s in the databases 

Oceanus Magazine



Microorganisms – too small to see

Domain (marine environment) Biotop Density Average mount of 
eDNA

Bacteria (archaea/eubacteria)
Species
–>109 (billion)?
Genome size
0,6 - 12 Mb (5 Mb)

Seawater
Sediment

1 x 103 - 2 x 106/ml
1 x 103 - 1 x 109/g

5 x 104 Mb/ml
5 x 106 Mb/g

Virus (bacteriophages)
species:
–> 106 (million)? 
genome size 
3 200 bp - 1.2 Mb (50 Kbp)

Seawater
Sediment

1 x 104 -1 x 106/ml
1 x 108 - 1 x 1012/g

50 x 105 Kb/ml
50 x 1010 Kb/g

Protist (eukaryote microbes)
Species 
Estimate >> 300 000?
Genome size 
>>35 Mb - 215  Gb (10 000 Mb)

Seawater
Sediment

> 1 x 105/ml
>>> 1 x 105/g

>>35 x 105 Mb/ml
>>35 x 105 Mb/ml

Fungi (yeast/mold)
Species
estimate >150 000? 
Genome size
> 10Mb - 1,2 Gb (100 Mb)

Sediment > 200/g > 2 x 103 Mb/g



Enormous variety in appearance and capabilities

http://www.micronaut.ch

BiolumenescenceBacterial swarming

PhotosynthesisBacterial swimming

BARCROFT MEDIA Photo Researchers, Inc

Eshel Ben-Jacob and Inna Brainis



Microbes and host

Bacterial cells in the human body outnumber human cells 10 to one

Human genome = ~20 000 genes

Bacterial genome on human = ~2 - 20 000 000 genes

http://dx.doi.org/10.14496/dia.2104723411.14



Microbiome are the microorganisms in a particular environment 

Including the body or a part of the body

The human microbiome change over time

http://www.actionbioscience.org



Recap - How do we study microbiomes?

Cultivation: Only 1% in most environmental samples

Isolation
of gDNA

Cultivable
species

Initial
plating

Sequencing 
librariesSequencing 

1%



Recap - How do we study microbiomes?

Cultivation: Only 1% in most environmental samples

Isolation
of gDNA

Cultivable
species

Initial
plating

Sequencing 
librariesSequencing 

100%

Direct isolation of gDNA from the environments



A ”typical”J metagenomic study



Two methods for performing metagenomic studies

Amplicon sequencing (16S rRNA) and random sequencing

Primer pair

Target-specific PCR

Addition of adaptors

Amplicon ready for sequencing

http://www.gatc-biotech.com

Random sequencing16S rRNA amplicon sequencing



Amplicon vs random sequencing

It depends on what you want to know

Main difference: taxonomic profile vs taxonomic and functional profile
16S rRNA amplicon sequencing Random sequencing



Amplicon vs random sequencing

Quality control and filtering

Taxonomical annotation

Taxonomical profiling

Target-specific primers, 
adapters, barcodes

Enrichment

Fragmentation

End-repair, 
adapters, barcodes

Amplicon ready 
for sequencing

Whole metagenome
library ready for 
sequencing

Template 
DNA

Library 
preparation

Sequencing

Data 
analysis

Quality control and filtering

Taxonomical annotation

Taxonomical profiling

Identify 16S rRNA reads

Random 
sequencing

16S rRNA amplicon
sequencing



Amplicon vs random sequencing – pros & cons

16S amplicon Random

Analysis of large number of samples pro con

Depth - resolution pro con

Computational resources (and skills) pro con

Expenses pro con

PCR amplification bias con pro

Discovery of new bacterial genes and genomes con pro

Simultaneous study of several domains con pro



How is taxonomic classification done?

A sequence is basically representing a specie (taxa)

Sample

AGTCCAGGTAACGTTACAACG



How is taxonomic classification done?

Compare your sample against a database of known species

Compare

Database

Sample



How is taxonomic classification done?

Compare your sample against a database of known species

Compare

Database

Sample

AGTCCAGGTAACGTTACAACG
GTTACAACAGCCTGAAGCCAC
CCAATTTTCGTGCAATTTACAA
GAAGCCACAGCAGTGCAGTTA



Create a taxonomic profile

Quantify occurrences

Sample 4 2 5 5 6 2

Unknown



Compare taxonomic profiles

Compare two or more samples 

Sample 4 2 5 5 6 2

Sample 2 1 10 0 2 0 3

Unknown



The taxonomy of species that contain highly similar sequences 
will be more difficult to resolve

When reads are too similar, they are assigned at higher levels of the taxonomy tree

GenusFamilyOrderClassPhylumDomain



Comparison of methods and tools

16S rRNA amplification differences lead to biased estimates of relative abundance

This can give an over-representation or under-representation of sequences in the 
some genera

Eg. Clostridium and Lactobacillus contain sequences that are perfectly 
complementary to the primers used for amplification

Sequences in the Enterobacteriaceae family and the Clostridiales order poorly 
resolves using the 16S V4 or V3-V4 regions

Jovel et al., 2016



16S primers are not universal, in metagenomic data taxa not amplified by 16S 
primers may be identified

Random sequencing may identify taxa not amplified by 16S 
primers 

Jovel et al., 2016



Random sequencing is more accurate to to reconstruct the 
taxonomic profile

The higher number = the better correlation (Pearson correlation coefficient)

Jovel et al., 2016Jovel et al., 2016



Taxonomic profiling with random sequencing data

Quality control and filtering

Taxonomical annotation

Taxonomical profiling

Target-specific primers, 
adapters, barcodes

Enrichment

Fragmentation

End-repair, 
adapters, barcodes

Amplicon ready 
for sequencing

Whole metagenome
library ready for 
sequencing

Template 
DNA

Library 
preparation

Sequencing

Data 
analysis

Random sequencing16S rRNA amplicon sequencing

Quality control and filtering

Taxonomical annotation

Taxonomical profiling

Identify 16S rRNA reads Identify clade-
specific markers

Metagenome
assembly

Taxonomical 
annotation

Taxonomical 
profiling

Contig binning

Taxonomical 
annotation

Taxonomical 
profiling

Non-16S rRNA reads



Random sequencing – Identifying 16S rRNA

Taxonomic profiling based on identified 16S rRNA reads in the sample

Identify16S reads
HMMsearch + rRNASelector

HMMprofiles

Quality control + trimming

16S annotation
Taxonomic profiling

Mapseq vs Silva database

FastQC + Trimmomatic

Remove contamination
FastQ Screen



Random sequencing – Identifying 16S rRNA

16S rRNA prediction tools using rRNA HMM profiles

SortMeRNA

rRNASelector

Kjærner-Semb Master Thesis 2016



Random sequencing – Identifying 16S rRNA

Alignment/homology tools

Megablast

MAPseq

Database - 16S rRNA is the most widely used taxonomic marker gene
Ribosomal Database Project

SILVA SSU database

Greengenes database

Specialized databases

HGM

Yilmaz et al., 2013



Random sequencing – Taxonomic profiling

Tools to hierarchically classify pre-aligned sequences on a taxonomy tree using an 
LCA algorithm 

Qiime

LCAClassifyer

Megan

Lots of other
Motur

GenusFamilyOrderClassPhylumDomain



Taxonomic profiling – Alignment based methods

The most basic method is to use BLAST

Search for the best hit in a database of sequences with known origin

It is very compute intensive and slow!!!



Taxonomic profiling – Alignment based methods

HMMER using probabilistic models - profile hidden Markov models

Searching HMM profile databases for sequence homologs

Much lower false positive (FP) rates

Nucleic Acids Res. 2011 Aug; 39(14): e91. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3152360/


Taxonomic profiling – K-mer based search

Kraken is a taxonomic sequence classifier that assigns taxonomic labels to short 
DNA reads

Using exact alignments of k-mers

Kraken's default database contains just under 14 billion distinct k-mers, and requires at least 
500GB of disk space (Oct 2017).

Kraken requires enough free memory to hold the database in RAM. The default database size is 
174GB (Oct 2017), and so you will need at least that much RAM if you want to build or run with 
the default database.

When Kraken is run with a reduced database, it is called MiniKraken



Taxonomic profiling – Search against protein databases

Kaiju is a taxonomic sequence classifier that use a reference database of protein 
sequences

Finds maximum matches on the protein-level using the Burrows–Wheeler transform

Reads are directly assigned to taxa using the NCBI taxonomy and a reference database of 
protein sequences from microbial and viral genomes

Kaiju can be installed locally or used via a web server

Can be run against various databases (eg. NCBI RefSeq)

It can also be run against the Mar databases from the Marine Metagenomics Portal



Taxonomic profiling – Search against protein databases

Kaiju is a taxonomic sequence classifier that use a reference database of protein 
sequences

Claim to be faster and more sensitive than K-mer based methods

Peter Menzel Nature Communications 7, Article number: 11257 (2016)



Taxonomic profiling - Clade-specific markers

MetaPhlAn2 is a taxonomic sequence classifier that use a clade-specific marker 
database 

Using read coverage of clade-specific markers to detect the taxonomic clades present in a 
microbiome sample and estimate their relative abundance

Map reads against clade-specific marker sequences that are pre-selected from coding sequences 
that identify specific microbial clades at the species or higher taxonomic levels

The clade-specific markers cover all main functional categories

MetaPhlAn2 includes ~1 million markers from >7,500 species



Taxonomic profiling - Clade-specific markers

MetaPhlAn2 is a taxonomic sequence classifier that use a clade-specific marker 
database 

Dark blue is restricted yet universal across Clade 1

Green genes are restricted to Clade 2, red genes to Clade 3

Clade 1

Clade 2

Clade 3

A1
B1
C1

A2
B2

A3
B3

Clade 1

Clade 2

Clade 3



Taxonomic binning – More tomorrow

Clustering of assembled contigs that apparently originate from the same source 
population

Assign to the closest possible taxonomy

Enables the discovery of new microbial of new organisms

Tools for binning of contigs
MaxBin

MyCC

Metawatt

MetaBAT



CAMI - Compared taxonomic profilers – not binning

Profilers fell into three categories: 

(i) profilers that correctly predicted relative abundances

(ii) precise profilers

(iii) profilers with high recall

Nature Methods 14, 1063–1071 (2017)

Highest precision



Technical variations influence results

DNA extraction had the largest effect on the outcome of metagenomic analysis

Effects of protocol manipulations on sample composition

Costea et al, Nature Biotechnology 35, 1069–1076 (2017)

amazon.com

SAMPLE 1
EXTRACTION A

SAMPLE 1
EXTRACTION B



Sequencing depth influence results

Increasing sampling depth = increased detection of taxa

Taxonomic classification for the same library at different sequencing depths is surprisingly 
consistent (Jovel et al., 2016)

The proportion error and its variance decrease with increasing sampling depth

Jovel et al., 2016



Number of species on earth

We know very few…

Earth contains 10^11 to 10^12 species of microbes (some estimate 10^19)

The total number of described bacterial species is very low 10^4

NCBI list of taxonomically approved names contain 17.989 bacterial species

space.com

= 510 100 000 km²

= 5,1 km²

Google maps



You only find what is in the database...

What is in the databases - for example RefSeq?

The Reference Sequence (RefSeq) collection is a comprehensive, integrated, non-redundant, 
well-annotated set of sequences, including genomic DNA



You only find what is in the database...

What is in the databases - for example RefSeq?

Large fraction of Proteobacteria

Host-associated are overrepresented

Ecosystem Total

Host-associated 11,816

Humans 4973

Animal 1804

Plants 1410

Mammals 867

Other 2762

Environmental 6774

Aquatic 4559

Terrestrial 2057

Other 158

Engineered systems 1658

Food production 440

Wastewater 410

Lab synthesis 387

Other 418

Total 20,248

GOLD database

RefSeq



You only find what is in the database...

92 named bacterial phyla – but constantly changing

The total number has been estimated to exceed 1,000 bacterial phyla

Martin Keller & Karsten Zengler
Nature Reviews Microbiology volume 2, pages 141–150 (2004)



Effect of missing genome

www.slideshare.net Mads Albertsen, University of Vienna 

http://www.slideshare.net/


Effect of missing genome

Best hit

www.slideshare.net Mads Albertsen, University of Vienna 

http://www.slideshare.net/


Effect of missing genome

www.slideshare.net Mads Albertsen, University of Vienna 

http://www.slideshare.net/


EXERCISE – day 2

From raw reads to a classification of 
organisms present in the dataset

Taxonomic classification using reads with 
16S rRNA

Taxonomic classification using protein and 
k-mer based databases

Filter 16S from clean
rRNAselector + 
HMM-profiles

Visalization

Comparison vs Silva

Megablast

Taxonomic profiling

Mapseq

Trimmed reads

Krona

Protein based search

Kaiju

Visalization

Krona

K-mer based search

Kraken

Visalization

Krona


