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• Traditionally, microbes are studied in pure culture 

• Genome: 
- Entire DNA sequence of a single organism 

• But: most microbes don’t live in isolation and 
many can’t be cultured 

• Microbiome: 
- Collection of microbes in a specific theatre of 

activity 

• Metagenome:  
- Entire DNA sequence of a microbiome                               
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www.innovations-report.de 

www.physorg.com  
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• Soil samples 
• Water samples 
• Seabed samples 
• Air samples 
• Ancient bones 
• Host-associated samples 
• Human microbiome 
• …
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http://outdoors.webshots.com 

soils.usda.gov

www.scienceimage.csiro.au

www.lanl.gov
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2005
• First NGS technique 454 released 

• Intended for genome sequencing… 

★Use NGS to sequence ancient DNA?

★Use NGS to sequence metagenomic DNA?

6

NGS = next generation sequencing
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Mammoth DNA & metagenome (2006)

• DNA collected from permafrost mammoth 
(28,000 years old) 

• DNA extracted from 1g bone 

• Sequenced using 454 

• ~302,000 reads, length ~95 bp 

★Can use NGS for ancient DNA

★ First NGS metagenomics paper

7
Science, 2006
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Mammoth bone metagenome (2006)
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Poinar et al, Science 2006
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How to analyze metagenomic reads? (2006)

Basic idea (with Stephan Schuster at Penn State): 
• BLASTX non-host reads against NCBI-nr 
• Assign reads to NCBI taxonomy using naive LCA 

(lowest common ancestor) approach 
• Develop GUI to explore assignments and alignments
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BLASTX

NCBI-nr

Metagenome 
analyzer

.fasta .blastx

454 sequencer
protein reference sequences

translated alignmentsequencing 
reads

alignments analysis and exploration

2006 MEGAN analysis pipeline
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How to analyze metagenomic reads? (2006)

• MEGAN (MEtagenome ANalyzer 1.0)

10

MEGAN 1.0

Poinar et al, Science 2006 H. et al, Genome Research, 2007
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Computational bottleneck (2006)

• Compare all reads against the NCBI-nr protein 
database 

• Year 2006: 
• 300,000 reads of length ~100bp 
• NCBI-nr: 3 million entries,  ~1 billion letters 

★BLASTX took a couple of weeks on a small cluster
 

(NCBI-nr today: ~ 1.2 billion entries)

11
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Obesity-associated gut microbiome

Turnbaugh et al (2006): 
• Caecal microbial DNA of                                       

ob/ob, ob/+, +/+ mice 
• Sanger sequencing: 

- 39.5 Mb 
- read length 750 bp 

• 454 sequencing: 
- 160 Mb 
- read length 93 bp

12

http://en.wikipedia.org 

• Change in relative abundance of 
Bacteroidetes and Firmicutes 

• Change in functional capacity      
(toward energy harvesting)



Center for Bioinformatics 

Daniel Huson, 2025

Institute for Bioinformatics 
and Medical Informatics

Large-scale human gut analysis

13

• 576Gb of sequence from 124 individuals

MetaHIT 2010
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Core of human 
gut microbiome

• 57 species present 
in ≥90% of 
individuals with 
coverage >1% 

• High variability 
• Bacteroidetes and 

Firmicutes most 
abundant

BLASTX at Super Computer 
Center in Barcelona, then  

MEGAN analysis
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Permafrost study (2011)

15

Active 
layer

Perma- 
frost

Frozen, day 2, day 7

Core 
1

Core 
2

(Mackelprang et al, Science 2011)

Their question: 
Functional changes 

during thawing?

described Methanocellales15 order at a nucleotide identity level of
approximately 65% (Fig. 2). Single-copy gene analysis demonstrated
it was related to members of Methanomicrobia (Supplementary Fig. 4).
The abundance of this novel methanogen correlates with the observed
CH4 in the samples and suggests that it may be an important player in
CH4 production under frozen conditions. It has previously been
reported that trapped CH4 in permafrost is biological in origin and
that methanogenesis can occur at sub-zero temperatures11. The draft
genome also included genes for nitrogen fixation. Although nitrogen-
fixing methanogens have been previously described16, this draft
genome is the first indication that they are present in permafrost.

The metagenome data revealed core-specific shifts in some
community members (Fig. 3a), including the orders Proteobacteria,
Bacteriodetes and Firmicutes. We found that Actinobacteria increased
in both cores during thaw (Supplementary Fig. 5). Actinobacteria have
previously been found at high abundance in permafrost9, which is
thought to be caused by their maintenance of metabolic activity and
DNA repair mechanisms at low temperatures17. Most archaeal
sequences identified in the metagenomic data were methanogens in
the phylum Euryarchaeota (62–95%), including the Methanomicrobia
that was represented in our draft genome. In total, four orders of metha-
nogens (Methanosarcinales, Methanomicrobiales, Methanomicrobia
and Methanobacterales) were detected. As the permafrost thawed, the
methanogens (including Methanomicrobia) increased in relative
abundance (Supplementary Fig. 6). These orders are known to be meta-
bolically versatile and can use a variety of substrates18.

18S rRNA gene sequences from land plants (Streptophyta) were the
most abundant eukaryotic reads in the metagenome data, probably
originating from undecomposed detritus. 18S rRNA gene sequences
also originated from fungi, protists, ameobae, algae and other eukaryotic
phyla (Supplementary Fig. 7.) Few consistent changes in the Eukarya
were observed after thaw, although the Streptophyta decreased in core 2,

presumably owing to microbial degradation of plant material (Sup-
plementary Fig. 7).

A greater phylogenetic distance was observed between frozen and
day 2 samples than between day 2 and day 7 samples (Supplementary
Fig. 8), based on 454 pyrotag sequencing of 16S rRNA genes, suggest-
ing that the community composition shifted rapidly upon thaw. The
difference was more pronounced in the permafrost than in the active
layer. Operational taxonomic units changing significantly (P , 0.05)
in abundance during thaw were largely from uncultivated taxa
(Supplementary Fig. 9 and Supplementary Table 3).

We used quantitative PCR (qPCR) to measure the absolute
abundances of specific phyla before and after thaw. The qPCR results
confirmed that there was a significant increase in Actinobacteria in
both cores after thaw, Bacteriodetes changed in a core-dependent
manner, and no significant changes were observed in Chloroflexi
(Supplementary Fig. 10).

Our observation that methane was consumed after thaw (Fig. 1)
was correlated to detection of sequences representative of bacterial
methanotrophs in relatively high amounts (approximately 0.25–
0.65% relative abundance). Two forms of methane monooxygenases
were detected: particulate methane monooxygenase (pmoA) repre-
sented most (,80%) and the rest were soluble methane monooxygenase
(mmoX). The metagenomic results were confirmed by qPCR of pmoA,
mcrA (encoding the methyl coenzyme-M reductase alpha subunit) and
16S rRNA genes from type I and type II methanotrophs. Both the pmoA
gene and type II methanotrophs significantly increased in abundance
after thaw (P , 0.01). Although type I methanotrophs were detectable
at low levels (fewer than 100 copies per nanogram), they did not differ in
abundance between the frozen and thawed samples. McrA sequences
from methanogenic archaea were detected but did not change signifi-
cantly during thaw (Supplementary Fig. 11). McrA and 16S sequences
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Figure 3 | Thaw-induced shifts of phylogenetic and functional genes in
metagenomes. a, nMDS analysis of the relative abundance of 16S rRNA genes
from the metagenomes. b, Principal component analysis of relative abundance
of KEGG genes in metagenomes. The percentage variation explained by the
principal components is indicated on the axes. Arrows illustrate rapid shift in
functional gene composition upon thaw in two disparate permafrost samples.
c–f, Heat maps indicating differences in relative abundances of specific genes
between frozen (day 0) and thawed (day 7) permafrost metagenomes (Hess
Creek cores 1 and 2). c, Nitrogen cycle; d, central metabolism; e, cellulose
degradation; f, chitin degradation, sugar metabolism and transport.

1.9 Mb draft
methanogen genome

Figure 2 | Draft methanogen genome assembly. Draft methanogen genome.
Features correspond to concentric circles, starting with the outermost circle. (1)
Illumina sequence coverage averaging 733. (2) One hundred and seventy-four
contigs making up the draft genome; contigs shown are scaled according to size
and are roughly ordered by mapping to the reference genome (65% identity at
the nucleotide level). (3) GC content heat map (dark blue to light green
represent low to high values). (4) Methanogenesis genes (orange) and nitrogen
fixation genes (blue). The true size of the genome is not known owing to gaps
between the contigs.

LETTER RESEARCH

1 5 D E C E M B E R 2 0 1 1 | V O L 4 8 0 | N A T U R E | 3 6 9

Macmillan Publishers Limited. All rights reserved©2011

• Align ~250 million Illumina reads against KEGG 
• 800,000 CPU hours at Super Computer Center in Berkeley 

                     1 year  on 100 cores
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• Read:
>HISEQ:457:C5366ACXX:2:1101:5937:60460        (101 bases) 
TTATATTAATTAGAAAACCAATTAAAAATACGAACGTTATGAAGAAGTACATTTGC… 

• Translation (frame +3):
..I  L  I  R  K  P  I  K  N  T  N  V  M  K  K  Y  I  C  …  

• Translated alignment:

>EEC52678.1 Length = 65 

 Score = 56 bits (135), Expect = 1e-05 
 Identities = 22/33 (67%), Positives = 27/33 (82%), Gaps = 0/33 (0%) 
 Frame = +3 

Query:        3  ILIRKPIKNTNVMKKYICTVCEYIYDPEQGDPE  101 
                 +L +K  K   VM+KYICT+CEY+YDPEQGDPE 
Sbjct:        1  MLSKKKFKQKRVMEKYICTICEYVYDPEQGDPE  33

17
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• Translated alignment tool DIAMOND 

• DIAMOND replaces BLASTX on microbiome 
sequencing reads 

• Very similar sensitivity to BLASTX on short reads  

• Much, much faster…

18

2015
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DIAMOND performance

19Buchfink et al, 2015
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ASARI- Antibiotic resistance pilot study

• Two volunteers, subject 1 and subject 2 

• 2 x 6 stool samples 

• Shotgun sequencing 
•   ~60 million reads per sample      (101 bp per read) 
• ~800 million reads in total 

• Initial analysis: compare against NCBI-nr protein database

20Willmann et al (2015) J. Antimicrobial Agents and Chemotherapy
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Performance of DIAMOND+MEGAN

• 12 human gut samples, total 816 million HiSeq reads 

• Complete analysis in 62+5 hours on a single server 

3 days

21H. et al, MEGAN Community Edition, 2016
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Three computational questions

Hundreds of Samples

High-throughput 
DNA sequencing

Basic computational 
analysis

Billions of  sequences

Many 
CPU hours

www.compostinfo.com/tutorial/microbes.htm

Q1: Who is out there? Q2: What are they doing?

www.aweimagazine.com

23
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Q3: How do they compare?

http://en.wikipedia.org 

24

www.compostinfo.com/tutorial/microbes.htm
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Interactive MEGAN analysis

26

Taxonomic content

Functional content
Gene-centric alignment and assembly

Comparative analysis

PCoA analysis

H. et al, MEGAN Community Edition, 2016
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Taxonomic content
www.compostinfo.com/tutorial/microbes.htm

Q1: Who is out there?

27

ASARI human gut microbiome
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Taxonomic content

28
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Taxonomic content
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Drill down to details…

30
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Comparison

31

All 12 ASARI human gut samples together

Q3: How do they compare?
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Comparison

32

All 12 ASARI human gut samples together
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E.g.: Does the microbiome rebound?

33

PCoA plot
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Q2: What are they doing?

Functional content

34

eggNOG classification 
(Powell et al, 2014)
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Functional content

35

eggNOG classification 
(Powell et al, 2014)
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Q2: What are they doing?

Functional content

36

EggNOG classification 
(Powell et al, 2014)
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• Taxonomic binning using: NCBI taxonomy or GTDB 
• Functional binning using: 

- InterPro families (Mitchell et al, 2015)  
- eggNOG/COG (Powell et al, 2014) 
- SEED (Overbeek et al, 2014) 
- KEGG (license required) (Kanehisa M & Goto S, 2000) 
- EC numbers

37
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Meganizer program available with MEGAN 

• Performs taxonomic and functional binning of reads 
• Indexes all data 
• Appends results to the DIAMOND output file 

• Reduces the total number of files generated in a 
metagenome analysis to 

• Basic                                                                     
Pipeline:

39H. et al, MEGAN Community Edition, 2016

DIAMOND

MEGANIZERNCBI-nr
MEGAN6

www.illumina.com

.fastq.gz .daa

2
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DIAMOND+MEGAN pipeline

40

Server Desktop/laptop

*.fastq.gz
input files DIAMOND

*.daa
output files

NCBI-nr
protein

database

File access MEGAN 6

Interactive exploration
and analysis

DIAMOND

MEGANIZER

Interactive exploration 
and analysis

Full taxonomic and 
functional binning
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Microbiome read-length paradox

42

Input short, surely 
should assemble? 

❌ No -  
Contigs usually too short

Input long, do we 
need to assemble? 

✅Yes - 
Complete chromosomes out!

assembly

short reads long reads

short contigs chromsomes

assembly
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• EBPR waste-water bio-reactor 

• MinION sequencing 2018 
- Reads:  ~695,000     (~ 6 Gb) 
- Length: ~9 kb mean (2 bp - 66 kb) 
- Short Read Archive SRX5120474

43

Krithika Arumugam

Joint work with: Rohan Williams, 
Krithika Arumgam, Irina Bessarab 

and others at NUS and SCELSE 
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Long-read metagenome assembly

• Input: 
- Reads:  ~695,000     (~ 6 Gb) 
- Length: ~9 kb mean (2 bp - 66 kb) 

• Assembly using Unicycler (miniasm and racon)                                   
(Li 2016, Vaser et al 2017, Wick et al, 2017) 

• Output: 
- Contigs: ~1,700           (~ 104 Mb) 
- Length: ~ 61 kb mean (1.3 kb - 5.2 Mb)

44
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Bandage visualization of assembly graph

45
        Bandage: Wick et al, 2015               

        Layout: Hachul S., Jünger M., 2007   
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DIAMOND+MEGAN
46
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CheckM (Parks et al. 2014)
Prokka (Seemann, 2014)

Taxonomic bins ≥ 50% complete

47

Arumugam et al, 2019
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Assembled chromosomes

48
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Long-read analysis pipeline

49

Server
Desktop/laptop

File access MEGAN 6

Interactive exploration
and analysis

*.fastq.gz
input files DIAMOND

*.daa
output files

NCBI-nr
protein

database

Assembly
*.fastq.gz

input files DIAMOND
*.daa

output files

NCBI-nr
protein

database

*.fastq.gz 
input file

*.fastq.gz
input files DIAMOND

*.daa
output files

NCBI-nr
protein

database

*.fasta.gz 
assembly

File access MEGAN 6

Interactive exploration
and analysis

DIAMOND in “long read” mode 
MEGANIZER in “long read” mode

E.g. Unicycler (miniasm and racon)                                   
(Li 2016, Vaser et al 2017, Wick et al, 2017) 

DIAMOND

MEGANIZER
metaFlye (Kolomogorov et al, 2020)
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https://doi.org/10.1002/cpz1.59
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52
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How to address this?

53

• Taxonomic analysis 
• Alignment-free (e.g. Kraken2): 

• k-mer based 
• Functional analysis 

• Tiered approach (e.g. HUMAnN3): 
• Taxonomic pre-screening 
• Reduced databases 

• MEGAN7 - use clustered versions of NCBI-nr and Uniref
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MEGAN 1 MEGAN 4

MEGAN 6

MEGAN 7
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Replace NCBI-nr by: 

• nr90 & nr50 - clustered at 90% & 50% sequence 
identity 

• UniRef100, 90 and 50 - clustered UniRef 

(high annotation quality)

55
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More assignments, faster…

56

Databases: NCBI-nr UniRef100 UniRef90 UniRef50 nr-90 nr-50

NCBI 
taxonomy 1.0 1.04 1.04 0.95 1.01 0.87

GTDB 
taxonomy 1.0 0.96 0.97 0.89 1.00 0.86

EggNOG 1.0 1.15 1.43 1.57 1.33 1.39

SEED 1.0 0.99 1.09 1.35 1.08 1.26

Speedup 1.0 1.4 4.0 16.8 3.1 17.7

2 1
C

la
ss

ifi
ca

tio
ns

Classification rate compared to NCBI-nr on 10 datasets

Size             1.0             0.6             0.3              0.1            0.4             0.1    
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• Run DIAMOND 
• Run MEGANIZATION 
• Explore using MEGAN

58
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ASARI- Antibiotic resistance pilot study

• Two volunteers, subject 1 and subject 2 

• 2 x 6 stool samples 

• Shotgun sequencing 
•   ~60 million reads per sample      (101 bp per read) 
• ~800 million reads in total 

• Initial analysis: compare against NCBI-nr protein database

59Willmann et al (2015) J. Antimicrobial Agents and Chemotherapy
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Subset data: 
• Alice00, Alice01, Alice03, Alice06, Alice08, Alice34 
• Bob00, Bob01, Bob03, Bob06, Bob08, Bob34 
• 1 million reads each 

Subset references: 
• tutorial-nr.gz - nr50 proteins found in 12 files 

(Works only for tutorial, not for other data)
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• While NCBI-nr50 is small enough to be used on a 
good laptop, it is too big for this tutorial 

• For the tutorial, we provide tutorial-nr.gz 
- This is a small subset of nr50.gz 
- It only contains accessions relevant for the provided 

short-read datasets 
- MEGAN also requires a “mapping db file” 
- megan-map-tutorial.db 

(Works only for tutorial, not for other data) 
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• Will use DIAMOND (other options: LAST, mmseq) 
- designed for metagenomics (Buchfink et al, 2015) 

• Need to: 
- Install DIAMOND (already done  ✅) 

- Download reference sequences (already done  ✅) 

- Run DIAMOND to build index 
- Run DIAMOND on fastq.gz files
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• Open a terminal and type: 
cp -r /mnt/data/Huson_data/tutorial-DM ~ 

cd tutorial-DM 

mkdir out 

ls 

data megan-map-tutorial.db out tutorial-nr.gz 
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• Build a DIAMOND index: 

 
diamond makedb --in tutorial-nr.gz -d tutorial-nr 

• Note: Using tutorial-nr.gz, due to time restrictions 

(Works only for tutorial, not for other data) 
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ls 

data megan-map-tutorial.db out tutorial-nr.dmnd tutorial-nr.gz

terminal
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• Run DIAMOND on one input FASTQ file:  
diamond blastx -d tutorial-nr \             
-q data/Alice00-1mio.fq.gz \           
-o out/Alice00-1mio.daa \               
-f 100 --masking 0 

• Run DIAMOND on all input files in the directory: 
for file in data/*.fq.gz 
do 
ofile="out/$(basename "${file%.*}").daa" 
diamond blastx --db tutorial-nr \                     
-q $file -o $ofile -f 100 --masking 0 
done               
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• For full size datasets, DIAMOND alignment (and 
subsequent meganization) is run on a server 

• The 12 small datasets against tutorial-nr.gz 
should take less than 10 minutes 

• If you failed to run DIAMOND on the data, you can 
download the resulting files here: 
https://software-ab.cs.uni-tuebingen.de/download/
megan6/tutorial/diamond-out.zip
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• This should produce 12 files:
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• Introduction to microbiome analysis 
• Step 0: Installation 
• Step 1: DIAMOND alignment against protein 

database 
• Step 2: MEGANization of reads and alignments 
• Step 3: MEGAN interactive analysis
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• Ran DIAMOND with option -f 100, so that 
- the output is a “DAA” file, a binary file containing all 

aligned sequences and reported alignments. 

• Then run tool daa-meganizer (or MEGAN) 
- to “meganize” the DAA file; performing taxonomic and 

functional analysis of all aligned sequences, and 
- the result of meganization is appended to the DAA file; 

no new file is created. 

• A meganized DAA file can be opened in MEGAN.
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• Requires MEGAN 
- metagenome analyzer 6 (Huson et al, 2016) 

• Need to: 
- Install MEGAN (already done  ✅) 

- Download reference file (already done  ✅) 

- Download mapping db file (already done  ✅)
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• A DAA file contains reference sequences and their accessions 
• Meganization requires a mapping of accessions to taxonomic 

and functional classes 

• Provided as a “MEGAN mapping database”                    
megan-map-tutorial.db 

• Here is the SQLITE schema: 
CREATE TABLE mappings (Accession PRIMARY KEY, Taxonomy INT, GTDB INT, 
EGGNOG INT, INTERPRO2GO INT, SEED INT, EC INT); 

• A typical entry: 
EKP93748|867903||253||22932|501010007
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• Meganize one DIAMOND file: 
export megan=/mnt/data/Huson_data/megan 

$megan/tools/daa-meganizer \             
-i out/Alice00-1mio.daa   \            
-mdb megan-map-tutorial.db 

  

• Meganize all DIAMOND files: 
$megan/tools/daa-meganizer \             
-i out/*.daa -mdb megan-map-tutorial.db
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• Meganization does not produce any new files. It 
prepares the .daa files for opening in MEGAN 

• If you failed to meganize the 12 files, you can 
download the meganized files here: 
https://software-ab.cs.uni-tuebingen.de/download/
megan6/tutorial/meganizer-out.zip
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• Introduction to microbiome analysis 
• Step 0: Software setup 
• Step 1: DIAMOND alignment against protein 

database 
• Step 2: MEGANization of reads and alignments 
• Step 3: MEGAN interactive analysis
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Interactive MEGAN analysis
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Taxonomic content

Functional content
Gene-centric alignment and assembly

Comparative analysis

PCoA analysis

H. et al, MEGAN Community Edition, 2016
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• Launch MEGAN by typing: 

export megan=/mnt/data/Huson_data/megan 

$megan/MEGAN 

• Open individual files with the File->Open... item 
- Find them in directory tutorial-DM/out  

• Compare files using the File->Compare... item
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Alice and Bob, 6 time points each 

• Each subsampled to 1 mio reads. 

• data/Alice00-1mio.fq.gz etc
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• Tutorial tasks: 
- confirm that these are gut samples - should be 

dominated by Bacteroidota, Firmicutes and 
Proteobacteria.  

- Open all twelve files together in a comparison 
document and add the provided metadata.  

- Confirm that the taxonomic profiles of either subject 
changes during the course of antibiotics and then 
returns to a similar state after treatment. 
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• MeganServer serves MEGAN files to the web 
• The default server provides access to a number of 

published metagenome datasets:
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• Here are six long-read datasets: 

• Can you match them to: biogas plant, ground water, 
human gut, oral, sea water, waste water ?

MeganServer
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