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* |Introduction to microbiome analysis
* Protein alignment against the NCBI-nr database

* Who Is out there, what are the doing, how do they
compare”?

* MEGAN taxonomic and functional binning
 The DIAMOND+MEGAN pipeline

* Long-read metagenomics

« MEGANY

e Hands-on session
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 |Introduction to microbiome analysis
e Protein alignment against the NCBI-nr database

* Who Is out there, what are the doing, how do they
compare?

« MEGAN taxonomic and functional binning
 The DIAMOND+MEGAN pipeline
e Long-read metagenomics

* MEGANY

e Hands-on session
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 Traditionally, microbes are studied in pure culture

e Genome:

- Entire DNA seqguence of a single organism

e 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



"F Sources of studied microbiomes
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Institute for Bioinf

e Soil samples

* Water samples

e Seabed samples
* Air samples

* Ancient bones

e Host-associated samples

* Human microbiome




EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Institute for Bioinformatics
and Medical Informatics

2005

* First NGS technigue 454 released

* Intended for genome sequencing...

nature Vol 437[15 September 2005|doi:10.1038/nature03959

ARTICLES

Genome sequencing in microfabricated
high-density picolitre reactors

Marcel Margulies', Michael Egholm'*, William E. Altman', Said Attiya', Joel S. Bader', Lisa A. Bemben',

Jan Berka', Michael S. Braverman', Yi-Ju Chen', Zhoutao Chen’, Scott B. Dewell', Lei Du’, Joseph M. Fierro',
Xavier V. Gomes', Brian C. Godwin', Wen He', Scott Helgesen', Chun He Ho', Gerard P. Irzyk’,

Szilveszter C. Jando', Maria L. . Alenquer', Thomas P. Jarvie', Kshama B. Jirage', Jong-Bum Kim',

James R. Knight', Janna R. Lanza', John H. Leamon', Steven M. Lefkowitz', Ming Lei', Jing Li', Kenton L. Lohman',
Hong Lu', Vinod B. Makhijani', Keith E. McDade', Michael P. McKenna', Eugene W. Myers’,

Elizabeth Nickerson', John R. Nobile', Ramona Plant, Bernard P. Puc', Michael T. Ronan', George T. Roth',
Gary J. Sarkis', Jan Fredrik Simons', John W. Simpson', Maithreyan Srinivasan’, Karrie R. Tartaro',

Alexander Tomasz®, Kari A. Vogt', Greg A. Volkmer', Shally H. Wang', Yong Wang', Michael P. Weiner®,

Pengouang Yu' Richard F Beclev! & lonathan M. Rothhers!

*Use NGS to sequence ancient DNA? =

*Use NGS to sequence metagenomic DNA?
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DNA collected from permafrost mammoth
(28,000 years old)

DNA extracted from 1g bone

Laptev Sea

Sequenced using 454

~302,000 reads, length ~95 bp

* Can use NGS for ancient DNA REPORTS

Metagenomics to Paleogenomics:
Large-Scale Sequencing of
Mammoth DNA

Hendrik N. Poinar,“>>* Carsten Schwarz,? Ji Qi,* Beth Shapiro,® Ross D. E. MacPhee,®
Bernard Buigues,” Alexei Tikhonov,® Daniel H. Huson,? Lynn P. Tomsho,* Alexander Auch,’
Markus Rampp,*® Webb Miller,* Stephan C. Schuster**

* First NGS metagenomics paper
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Fig. 1. Characterization of B Mammoth

the mammoth metagenomic (predicted to align)
library, including percent- 9-09%
age of read distributions to

EMammoth

various taxa. Host organism (alignable
prediction based on BLASTZ W Unidentified to elephant)
comparison against GenBank sequences 45.43%
and environmental sequences ~ 18-42%
database.
Environmental
sequences
14.15% [Virus
0.09% [J Alignable to human
B Other eukaroyta 1.40%
4.15% MArchaea [Bacteria “—[JAlignable to dog
0.24% 5.76% 1.25%
L — ——

Poinar et al, Science 2006

Daniel Huson, 2025 8



How to analyze metagenomic reads?

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

;I > | fosta BLASTX o] ©>

é Metagenome
NCBI-nr analyzer

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

« MEGAN (MEtagenome ANalyzer 1.0)

MEGAN 1.0

#* mammoth_nr-full.meg - Megan

Fig. 1. Characterization of H Mammoth Ble Edt Select Layout Options Iree Window
the mammoth metagenomic (predicted to align) SR EIRIEIEN R
: : : 9.09%
library, including percent-
age of read distributions to BMammoth
various taxa. Host organism (alignable Spirochaeles 1
prediction based on BLASTZ M Unidentified to elephant) Bacteria 16972 Obelnococeus-Thermus 63
comparison against GenBank sequences 45.43% € E— uificae 9

. 18.42% [ OChloroflexi 80
and environmental sequences —————(QCyanobacteria 277

Actinobacteria 2688
database.

OProleobacteria 5149 u
Sunclassified Bacteria 6 ||
Bacteroidetes/Chlorobi group 793
Planctomycetes 118
Spirochaetes 181

CGenvironmental samples 19
cellular organisms 46380 %2 Thermotogae 18

) OFibrobacteres/Acidobacteria 150
\ —8ChIamydiaeNerrucomicrobia 50
[ (JFunarchacotacd
root 50723() Archaea 761 [ 5 Cunyarchasota b1
:°environmenial samples 5
:Nanoarchaeota 2
—{_)Viridiplantae 603
—stramenopiles 2
" é\lve‘ola:]ayl 433
[ °Cryptophyta
(T Ruglenczoa 214
Fungi/Metazoa group 11525
. ———UYDiplomonadida group 43
0.09% [J Alignable to human —chlycetozoz 119
0 ——°Cercozoa
Wl Other eukaroyta 1.40% ————OEntamoebidae 60
artificial sequences 6

4.15% [HArchaea [JBacteria “—[Alignable to dog Crificial s |
A_INot assigned 2086

0,
0.24% 5.76% 1.25% (" No hits 250512 |

[ Environmental
sequences
14.15%  [yirus

Eukaryota 19841

| — — Toa | (RO AR o =90 |11t 11w
. . T —
Poinar et al, Science 2006 H. et al, Genome Research, 2007

Daniel Huson, 2025 10



Compuvutational bottleneck

e Compare all reads against the NCBI-nr protein
database

 Year 2000:
e 300,000 reads of length ~100bp
« NCBI-nr: 3 million entries, ~1 billion letters

* BLASTX took a couple of weeks on a small cluster
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Turnbaugh et al (2006):

e Caecal microbial DNA of

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

- 39.5 Mb
read length 750 bp

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

http://en.wikipedia.org

* Change in relative abundance of

Bacteroidetes and Firmicutes

* Change in functional capacity

(toward energy harvesting)

d ob1 ob1 ob2
VErsus versus versus
lean1 lean1 lean2

KEGG category (3730) (GS20) (3730) KEGG pathway

Carbohydrate Citrate cycle”
Pentose/glucuronate interconversions™
Galactose metabolism
Starch/sucrose metabolism*
C5-branched dibasic acid metabolism*

Energy Reductive carboxylate cycle
Pyruvate/oxoglutarate oxidoreductases
Lipid Glycerolipid metabolism*
Amino acid Phe, Tyr and Trp biosynthesis*
Other amino acids B-Ala metabolism
Glycan Lipopolysaccharide biosynthesis*
Glycosphingolipid metabolism*
Transcription Unclassified transcriptional regulators®

Folding/sorting/degradation
Membrane transport
Cell motility

Type Ill secretion system
ABC transporters™
Flagellar assembly*
Bacterial motility proteins
Sporulation*

Cell growth and death
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Vol 464 & March 2010 doi:10.1038/nature08821 namre

MetaHIT 2010 ARTICLES

A human gut microbial gene catalogue
established by metagenomic sequencing

Junjie Qin‘*, Ruigiang Li'*, Jeroen Raes™, Manimozhiyan Arumugam®, Kristoffer Solvsten Burgdorf®,
Chaysavanh Manichanh’, Trine Nielsen®, Nicolas Pons”, Florence Levenez®, Takuji Yamada®, Daniel R. Mende’,
Junhua Li", Junming Xu', Shaochuan Li', Dongfang Li"*, Jianjun Cao', Bo Wang', Huiging Liang ', Huisong Zheng ',
Yinlong Xie' ', Julien Tap®, Patricia Lepage®, Marcelo Bertalan’, Jean-Michel Batto”, Torben Hansen®, Denis Le
Paslier'’, Allan Linneberg'’, H. Bjern Nielsen’, Eric Pelletier'”, Pierre Renault’, Thomas Sicheritz-Ponten’,

Keith Turner'?, Hongmei Zhu', Chang Yu’, Shengting Li', Min Jian', Yan Zhou’, Yingrui Li', Xiuging Zhang',
Songgang Li‘, Nan Qin’, Huanming Yang', Jian Wang', Seren Brunak’, Joel Doré®, Francisco Guarner’,

Karsten Kristiansen ™, Oluf Pedersen™'?, Julian Parkhill'?, Jean Weissenbach'®, MetaHIT Consortium?, Peer Bork®,
S. Dusko Ehrlich® & Jun Wang''*

To understand the impact of gut microbes on human health and well-being it is crucial to assess their genetic potential. Here
we describe the lllumina-based metagenomic sequencing, assembly and characterization of 3.3 million non-redundant
microbial genes, derived from 576.7 gigabases of sequence, from faecal samples of 124 European individuals. The gene set,
~150 times larger than the human gene complement, contains an overwhelming majority of the prevalent (more frequent)
microbial genes of the cohort and probably includes a large proportion of the prevalent human intestinal microbial genes. The
genes are largely shared among individuals of the cohort. Over 99% of the genes are bacterial, indicating that the entire
cohort harbours between 1,000 and 1,150 prevalent bacterial species and each individual at least 160 such species, which are
also largely shared. We define and describe the minimal gut metagenome and the minimal gut bacterial genome in terms of
functions present in all individuals and most bacteria, respectively.

* 576Gb of sequence from 124 individuals
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Core of human
gut microbiome

* 57 species present

IN >90% of
iIndividuals with
coverage >1%

e High variability

 Bacteroidetes and

-Irmicutes most
abundant

BLASTX at Super Computer
Center in Barcelona, then

MEGAN analysis

Daniel Huson, 2025

Bacteroides uniformis

Alistipes putredinis
Parabacteroides merdae

Dorea longicatena
Ruminococcus bromii L2-63
Bacteroides caccae

Clostridium sp. SS2-1
Bacteroides thetaiotaomicron VPI-5482
Eubacterium hallii
Ruminococcus torques L2-14
Unknown sp. SS3 4
Ruminococcus sp. SR15
Faecalibacterium prausnitzii SL3 3
Ruminococcus lactaris
Collinsella aerofaciens

Dorea formicigenerans
Bacteroides vulgatus ATCC 8482
Roseburia intestinalis M50 1
Bacteroides sp.2_1_7
Eubacterium siraeum 70 3
Parabacteroides distasonis ATCC 8503
Bacteroides sp. 9_1_42FAA
Bacteroides ovatus

Bacteroides sp. 4_3_47FAA
Bacteroides sp.2_2_4
Eubacterium rectale M104 1
Bacteriodes xylanisolvens XB1A
Coprococcus comes SL7 1
Bacteroides sp. D1

Bacteroides sp. D4
Eubacterium ventriosum
Bacteroides dorei
Ruminococcus obeum A2-162
Subdoligranulum variabile
Bacteroides capillosus
Streptococcus thermophilus LMD-9
Clostridium leptum

Holdemania filiformis
Bacteroides stercoris
Coprococcus eutactus
Clostridium sp. M62 1
Bacteroides eggerthii
Butyrivibrio crossotus
Bacteroides finegoldii
Parabacteroides johnsonii
Clostridium sp. L2-50
Clostridium nexile

Bacteroides pectinophilus
Anaerotssers colihominis

= PCOCCUS gnavus
#Cteroides intestinalis
Bacteroides fragilis 3_1_12
Clostridium asparagiforme
Enterococcus faecalis TX0104
Clostridium scindens

Blautia hansenii

LI I LR ) ' . "—E_‘

-4 -3 -2

Palabdtusin ablbesmadaman Masm
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(Mackelprang et al, Science 2011)

iiii
N—]

. . 1 Pay 2
core || Core Their question: S 021 /Day 78rdzen

[ 2 Functional changes
during thawing?

Active

Metagenome functional genes
layer

®
Frozen

o
~

o
N

J eDay 2
01 Day2 Day 7
N Frozen ®Day 7

Day2 pay7

]
Perma- Frozen
- frost 02 00 02 04 06
— PC1 (43.4%)

Core 1 permafrost ® Core 2 permafrost
Core 1 active layer A Core 2 active layer

o
)

| PICZ (22.3%)

©
IS
1

Frozen, day 2, day 7

e Align ~250 million Illlumina reads against KEGG

* 800,000 CPU hours at Super Computer Center in Berkeley

1 yeal’ on 100 cores
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* [ntroduction to microbiome analysis
* Protein alignment against the NCBI-nr database

* Who Is out there, what are the doing, how do they
compare”?

« MEGAN taxonomic and functional binning
 The DIAMOND+MEGAN pipeline
* Long-read metagenomics

e Hands-on session

Daniel Huson, 2025
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® Read:

>HISEQ:457 :C5360ACXX:2:1101:5937:00460
TTATATTAATTAGAAAACCAATTAAAAATACGAACGTTATGAAGAAGTACATTTGC...

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

e Translated alignment:

>EEC52678.1 Length = 65

Score = 56 bits (135), Expect = 1le-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
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 Translated alignment tool DIAMOND

 DIAMOND replaces BLASTX on microbiome
seguencing reads

e Very similar sensitivity to BLASTX on short reads

e Much, much faster...

Fast and sensitive protein
alignment using DIAMOND

Benjamin Buchfink!, Chao Xie?? &
Daniel H Huson>  NATURE METHODS 2015
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22505
Aligner
20000 = 19880 DIAMOND-fast
)4 17940 . DIAMOND-sensitive
CITJ RAPSearch2—-fast
é 15000 = .RAPSearchZ—sensitive
g
(@] 10196
o 10000 =
-
i®)
(D)
()
C% 4284
5000 =
3305
0 — .I:I -|:| B Ele— D:. DI:
| | | | | |
lllumina lllumina lon 454 Sanger Assembly

(HMP) (Permafrost) Torrent Titanium ORFs
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44 KLINIKUM

* Two volunteers, subject 1 and subject 2 TUBINGEN

Ciprofloxacin Administration Post-treatment Period
<€ > € >
Day0 Dayl Day 3 Day 6 Day 8 (+2 days after treatment) Day 34
(28 days after
treatment)

e 2 X 6 stool samples

e Shotgun seguencing
e ~60 million reads per sample
e ~800 million reads in total

 |nitial analysis: compare against NCBI-nr protein database
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e 12 human gut samples, total 816 million HiSeq reads

Sample Reads DIAMOND (s) Alignments Aligned reads Meganizer (s)
Alice 0 66 393 401 19 062 627 405 772 44 900 227 9299
Alice 1 64 923 975 15771 595 715 349 43 498 105 11 338
Alice 3 55 092 349 13 435 515 249 349 37 675 494 8 621
Alice 6 66 289 376 16 801 910 892 059 52 627 776 11 771
Alice 8 57 957 661 14 134 790 946 244 45 358 448 13 911
Alice 34 64 380 386 15615 608 114 143 44 741 897 11 962
Bob 0 61232 588 14 573 825213917 48 882 884 12 058
Bob 1 65 763 766 16 203 841 038 616 51 408 892 12 270
Bob 3 89 034 641 34 598 1 233 571 041 72017 720 15789
Bob 6 89 339 172 27 333 1 138 796 522 70 344 161 15 507
Bob 8 78001 118 19 734 1 049 831 855 63 336 241 13 423
Bob 34 __57.6827.119 15 406 780844 319 ~ AR588158 11 433
Total £ 816035552 ) L 9917619186 ) £ 620360003 ) Max: 15 789

Time

doi:10.1371/journal.pcbi.1004957.t001

 Complete analysis in 62+5 hours on a single server

~5h

3 days
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* [ntroduction to microbiome analysis
e Protein alignment against the NCBI-nr database

* Who Is out there, what are the doing, how do they
compare”?

« MEGAN taxonomic and functional binning
 The DIAMOND+MEGAN pipeline
e Long-read metagenomics

* MEGANY

e Hands-on session

Daniel Huson, 2025
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High-throughput
DNA sequencing

Basic computational
analysis

Q1: Who is out there? . |
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http://en.wikipedia.org




RRRRRRRRRRRR

UNIVERSITAT
TUBINGEN

. - . Z
ttttttttt for Bioinformatics 2:

and Medical Informatics

%
’
%

* [ntroduction to microbiome analysis
e Protein alignment against the NCBI-nr database

* Who Is out there, what are the doing, how do they
compare?

« MEGAN taxonomic and functional binning
 The DIAMOND+MEGAN pipeline
e Long-read metagenomics

* MEGANY

e Hands-on session

Daniel Huson, 2025
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Taxonomic content

Alice01.daa (remote file) (read-only) - [4] - MEGAN6

Be

g
B

& (3]0
[Al[c] kv ]

[
& %T\E%DH*D\ [E[eE & [ [-ol[te [ & Rank... [O @ @ W8 [/~ [ EI W
KE
ki

Bacteroides %% %Eg} %g E%p%%ola DSM 17136
e Sﬁ'g!i %%g 3 E‘ﬁ G:162
: %%%. f“e% ‘i %rﬁ(gla é‘Rh518177
i
: é% }ﬁﬁ@aﬁ;ﬁ;ilpm]a

ST

%EC

?EE dinis DSM 17216

c e?Bl % pave

bl
%

dae

_:_.:
RSO

e
%‘1——

0005

aaa:

”L

(o=

%E

0:
=

"\:o-\m B

agé%es <Roseburia>

;fﬁ zuA2 165
%{@"5 ‘&”TE?%%“”
E\UITI
?;Dhage

,237,344 (readCount) X .01 Topf X 1

LCA=naive bla~ 23 of 11.2G

INTERPRO2GO Viewer - Alice01.daa (remote file) (read-only) - [4] - MEGAN6

b € [E €l =
[ ]

o/t &5&f Rank... [O (@ @B |~ — ] [ WA 33

28/

gyrase < [First | Next [ All | &3+ || Case sensitive || Whole words only || Regex Uncollapse

PCoA analysis

Taxonomy Cluster Analysis - subject-1-2.megan* - [5] - MEGANG

Interactive MEGAN analysis

ID] (88 [8](8][e0 o0} 1] [Tz 132314 Tes iy (O[O [L[0][:2] BAIEE[SIEF ke A |[C KAV | [ [=] (@]
3DPCOA UPGMATree N)Tree Neighbor-Net —Matrix

PCoA of Taxonomy using UnweightedUniformUnifrac: PC 1 (63.0%) vs PC 2 (14.3%)

Alignment for 'K02961 small subunit ribosomal protein $17' - Alice00.daa - MEGAN

Samples=12

*IPRO28622 ATP-dependent RNA helicase RhIE
*|IPRO28621 ATP-dependent RNA helicase SrmB
*IPRO30279 ATP-dependent permease Mdl1/MdI2
*IPRO23671 ATPase RavA
*IPRO0OO711 ATPase, OSCP/delta subunit
*|IPRO02699 ATPase, V1 complex, subunit D
*IPROOS714 ATPase, type Ill secretion system, Flil/YscN
*IPRO10067 Aliphatic sulfonates-binding protein
+|IPRO16300 Arsenical pump ATPase, ArsA/GET3
IPRO30281 Autoinducer 2 import ATP-binding protein LsrA
+IPROO0O0OSS Bacterial DNA recombination protein RuvA
*IPRO30278 Bile salt export pump
+*|IPRO30880 DEAD-box ATP-dependent RNA helicase CshA
*|PRO30881 DEAD-box ATP-dependent RNA helicase CshB
°IPR005743 DNA g\/rase subunit A

ROO3BA0 DNA helic
FPRUN’?BS DN helicase Pifl-like
2|PRO04589 DNA helicase, ATP— dependent RecQ type
*IPRO07692 DNA helicase, DnaB ty
+|PRO0460S DNA helicase, Holhdav]uncllon RuvB type
*IPRO0O6 345 DNA helicase, RecD-

*|IPRO0OS5741 DNA topoisomerase IV subunit A, Gram-positive
*IPROOS742 DNA topoisomerase IV, subunit A, Gram-negative
+|IPRO05734 DNA topoisomerase VI, subunit B

0|PRO01241 DNA topoisomerase, type |IA

°|PRO0O5747 Endonuclease Muts2

*|PROOQOS27 Flagellar L-ring protein

+|IPROO0067 Flagellar M-ring protein FIiF

+|IPROOOSE3 Flagellar assembly protein FliH

+|IPRO20006 Flagellar biosynthesis protein FIhF

*IPRO0O1624 Flagellar hook-basal body complex protein FIiE

nucleoside-triphosphatafe activity

+IPRANNANAN Flamallar matar cwitch nratain

*IPRO01172 Flagellar motor switch FIiIN/Type Il secretion HrcQb
Ial i~

ISR MERTIE I Qs R

FE(&8(a |

&V] [ ] FIRe o o] [N [ad 5]

196037533 ref| W

t of 71 available reference sequences for 'K02961 small subunit ribosomal protein S

(double click on one to see al

Alignment for reference sequence ">gi|497283438|ref|WP_009597655.1|":

S (10 [20 (30
(]

1

(N

' 1

Terms=2519

Functional content

Daniel Huson, 2025

£43,498,105 Assigned=16,296,942 mode=BlastX  Cite: Mitchell et al (2015) NAR 43 D213-221. The Gene Ontology Consortium (2015) NAR 43 D1043-1- 2.6 of 11.2G

‘ Alignment: 771 x 252

140

150

160

i3

E3

E3

[100 [110 [120 [130 [140 [150 [160 [170 [180 |190 |20 [21C

| | |
[ AR I ———
1 1 1 1

290f11.26

Method=PCoA

2601126

[ [elElels = EIE’E@ CeemE [/~ @Mk i

2llular organisms

Bacteroides
Barnesiella

robacter

Barnesiellacéae. |
Odoribacts aceae: |Co
4

Bu vrlclmonas

Porphvrom nadaceae

Paraprevotella
Prevotella
Alisti

Parab’gclerowdes

Proteobacteria

Tanme H
utte

Desulfovwbr\omaceae

o

ATTTT

(IRRRARENAENI

T
-]

Escherlc
nsia

Actinobacte

rmal
waldobactenum

<phylum > m]]]]ji

LT

Bacteria

Collinsel
Staphylococcus
Clostridium

Eubacterium
lautia

Butyrivibrio

Laghnospiracea

oprococcu H

Clostfidiales

achnoclostrldium
ria

Firmicu

unc\‘assmed Lachnospil
/Anaerotruncus

i [T [IIITIT
Runhinococcacea f

Faecalibacteriym

Ruminiclostridium

o
¥

Subdoligranulum
unclassified Clostridial¢
environmental samples

Er\/sme\omchaceae

|dam inococcus
enomonadales

Eur\/archaeota

Viruses

Taxa=95

Gene-centric alignment and assembly

H. et al, MEGAN Community Edition, 2016

Samples=12, Absolute Comparison, Reads=588,600,359, Assigned=585,369,088 (readCount)

Comparative analysi

270f 1126

S
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Taxonomic content

ASARI human gut microbiome

Alice01-1mio.daa* - MEGAN Ultimate Edition (version 6.21.1, built 21 Feb 2021)

bl < [ [ (15 : [ - [ ][4 [ Rank.. : [ (@ ¥ W [ /][~ [ [ 0 IO el 1 - 28032 5 35 (8 S [EC ] ] N1 8 | B B -

441,610
75%
50%

environmental samples <bacteria,superkingdom Bacteria>

O Bacteroidetes

Proteobacteria

Bacterla

/’7 Lentisphaerae

? *Verrucomicrobia
*Actinobacteria <actinobacteria>
Terrabacteria /

cellular orgamsms

QFirmicutes

Euryarchaeota

‘Viruses

Phylum

avw

Taxa=18 Reads=686,541 Assigned=680,024 (readCount) MinScore=50.0 MaxExpected=0.01 TopPercent=10.0 MinSupportPercent=0.05 MinSupport=343 disabledTaxa=13 LCA=naive mode=BlastX 2.0 of 21.5G
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Taxonomic content

[ ] ( ] Alice01-1mio.daa* - MEGAN Ultimate Edition (version 6.21.1, built 21 Feb 2021)
=1 2] 8- [$] %] eolledf H ] - [€ = €] = b5 -o]/ta) & & [Rank..) [O @ ¢ il [H ][~ |- - ] - [ I [ - 24 28] 2] §/(%2 (88 [Eci /v v ] s | [

«

Scale @13%5’881
50%
= vironmental samples <bacteria,superkingdom Bacteria>
© Bacteroides
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Drill down to details...
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Q3: How do they compare?

ece Comparison.megan* - MEGAN Ultimate Edition (version 6.21.1, built 21 Feb 2021)
(aa] &) 8 [8][2]edld: [Hm 0 [€ &= = [0 [19] [ & [Rank... (O @ S E: [~ [l - [T Il B 7] - (22 33 (59 (S KE (5% [EC) M) M) (] 8 | [ [ - [
v Assigned: 591,604

0 25 5075 100%

environmental samples <bacteria,superkingdom Bacteria>

] —i:i:i:l Bacteroidetes

Proteobacteria
Bacteria
cellular organisms o p | Lentisphaerae

S . .

Verrucomicrobia
Terrabacteria\group e Actinobacteria <actinobacteria>
= _
Wﬁrmlcutes

Euryarchaeota
Viruses

unclassified entries

Phylum

5.3 of 21.5G ‘

All 12 ASARI human gut samples together



Comparison

www.compostinfo.com

Taxonomy Chart - Comparison.megan* - MEGAN Ultimate Edition (version 6.21.1, built 21 Feb 2021)

Sald 8 $3ex AL JLEHBS Y EN@EEEE 1~ %[Z sxe% 8§ WY MM MmN s If EE (¢

E]
»

Ca)I St[)'d'”,FQ
Lachn Esr}rﬁﬁj%
MedlteganglgacL

B Ci occus
*%ﬁ%ﬁ% a
l-g \%m}[ ac or
Bu r|C|m0n s

Fg call cenum
ap yBcoFcus

a C{e rOleeS
PRamiosassis

Samples

Taxonomy profile for Comparison.megan

z-score
+3.0
+2.0
+1.0
+0.0
-1.0
-2.0
-3.0

Series=12 Classes=41

3.8 of 21.5G

All 12 ASARI human gut samples together




EBERHARD KARLS

UNIVERSITAT
TUBINGEN

Institute for Bioinformatics
and Medical Informatics

Daniel Huson, 2025

E.g.: Does the microbiome rebound?

[ NON ) Taxonomy Cluster Analysis - subject-1-2.megan* - MEGAN6
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48..udley 3D PCoA  UPCMA Tree  NJ) Tree  Neighbor-Net — Matrix

PCoA of Taxonomy using Bray-Curtis: PC 1 {(34.6%) vs PC 2 (20.2%) vs PC 2 {16.2%)

‘—.B_O —
®B-34 -
B-1+

B-8 -

PCOoA plot
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Samples=12 Data=Taxonomy Matrix=Bray-Curtis Method=PCoA
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([ [ ] EGGNOG Viewer - Comparison.megan (remote file) (read-only) - [2] - MEGAN Ultimate Edition (version 6.21.1, built 21 Feb 2021)
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Terms=4 Absolute comparison, Reads=626,839,168 Assigned=308,600,064 Cite: Powell et al (2014) NAR 42 D231-239.

eggNOG classification
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e Taxonomic binning using: NCBI taxonomy or GTDB
* Functional binning using:

InterPro families

eggNOG/COG

SEED

KEGG

EC numbers
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* [ntroduction to microbiome analysis
* Protein alignment against the NCBI-nr database

* Who Is out there, what are the doing, how do they
compare”?

« MEGAN taxonomic and functional binning
 The DIAMOND+MEGAN pipeline
* Long-read metagenomics

e Hands-on session

Daniel Huson, 2025
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DIAMOND+MEGAN

Meganizer program available with MEGAN

e 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 2

« Basic

Pipeline:

™
www.illumina.com

fastqg.gz

DMMOND

éé

NCBI -nr

MEGANG
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* . fastg.gz *.daa oy
nput fles DIAMOND outpUt fles w (Z” MEGAN 6
\/- \/- Interactive exploration
and analysis
N

NCBI-nr
protein N
database

Full taxonomic and

functional binning
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* [ntroduction to microbiome analysis
* Protein alignment against the NCBI-nr database

* Who Is out there, what are the doing, how do they
compare”?

« MEGAN taxonomic and functional binning
 The DIAMOND+MEGAN pipeline
* Long-read metagenomics

e Hands-on sessions

Daniel Huson, 2025
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Microbiome read-length paradox
______shortreads

long reads

Input short, surely Input long, do we
should assemble? need to assemble?
No -
Contigs usually too short

omplete chromosomes out!

short contigs
Daniel Huson, 2025

chromsomes

42
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 EBPR waste-water bio-reactor

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

Short report | Open Access | Published: 16 April 2019

Annotated bacterial chromosomes from frame-shift-
corrected long-read metagenomic data

Qiu, Daniel H. Huson & Rohan B. H. Williams

Microbiome 7, Article number: 61 (2019) | Cite this article




Long-read metagenome assembly

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

* Assembly using Unicycler (miniasm and racon)

e Qutput
Contigs: ~1,700 (~ 104 Mb)
Length: ~ 61 kb mean (1.3 kb - 5.2 Mb)
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Candidatus Accumulibacter sp. SK-02

mostly Betaproteobacteria

Bacteroidetes bacterium OLBS Bacteroidetes bacterium OLB12
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Taxonomic binning of contigs

epbrrdmpbp8-unicycler.daa - MEGAN6
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Taxa=145

Reads=1,695 Assigned=82,162,520 (alignedBases) MinScore=50.0 MaxExpected=0.01 TopPercent=10.0 MinSupportPercent=0.05 MinSupport=41081 LCA=longReads IcaCoveragePercent=51 mode=BlastX

DIAMOND+MEGAN
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Taxonomic bins = 507 complete

DIAMOND+MEGAN Unicycler Total Aligned Average CheckM Prokka

taxonomic bin contigs (Mb) (Mb) coverage Complete. Contam. rRNA tRNA CDS

High quality draft genomes:
B1 Bacteroidetes bacterium OLB12 1 4.2 35 57.3 95% 0.1% 6 39 4,163
B2 Candidatus Accumulibacter SK-02 1 5.2 4.1 384.2 94% 0.6% 4 53 4,915
B3 Chlamydiia (class) 1 2.8 1.8 48.8 94% 2% 6 39 3,387
B4 Gammaproteobacteria (class) 43 4.7 3.0 93% 2% 6 52 4,833
-longest contig 2.7 1.6 25.1 93% 0.2% 3 40 3,359
B5 Bacteroidetes bacterium OLB8 1 3.8 3.0 52.1 93% 1% 6 37 3,394
B6 Rhodospirillales (order) 1 4.4 3.0 29.5 92% 0.5% 3 47 4,015
B7 Chlorobi bacterium OLB5 1 3.5 2.5 38.7 88% 1% 3 41 4,131

Medium quality draft genomes:

B8 Thauera (genus) 25 4.6 4.0 89% 4% 12 64 4,040
-longest contig 0.8 0.7 32.7 14% 0% 0 5 672
B9 Sphingobacteriales bacterium 44-15 59 3.2 2.8 76% 1% 2 17 2,953
-longest contig 0.2 0.1 10.2 0% 0% 0 0 172
B10 Bacteroidetes (phylum) 43 3.9 2.6 72% 7% 1 12 1,997
-longest contig 1.2 0.8 14.1 32% 0% 0 3 807
B11 Candidatus Contendobacter B J11 39 2.5 2.0 59% 9% 2 37 2,668
-longest contig 0.3 0.3 15.4 19% 0% 0 7 295

Low quality draft genomes:
B12 Betaproteobacteria (class) 111 6.6 5.5 89% 79% 6 71 4,655
-longest contig 0.4 0.3 37.1 10% 0% 0 1 372
B13 Nitrospira (genus) 34 4.2 3.7 83% 13% 0 6 563
-longest contig 1.1 0.9 17.6 27% 0% 0 2 99
B14 Chloroflexi (phylum) 151 5.4 4.3 71% 29% 0 11 3,565
-longest contig 0.2 0.2 13.3 8% 0% 0 1 86
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*.daa
* fastqg.gz Assemb|y .a](;z;:ﬂab. gz DIAMOND output files ﬁ MEGAN 6
input file Y

\/ \/ / Interactive exploration

and analysis
E.g. Unicycler (miniasm and racon)

NCBI-nr

metaFlye protein
database

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

\ ——

Desktop/laptop
Server
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Detailed protocols
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@ CURRENT
==PROTOCOLS

PROTOCOL @ OpenAccess @ @ &

DIAMOND+MEGAN: Fast and Easy Taxonomic and Functional
Analysis of Short and Long Microbiome Sequences

Caner Bagci, Sascha Patz, Daniel H. Huson =«

First published: 03 March 2021 | https://doi.org/10.1002/cpz1.59

https://doi.org/10.1002/cpz1.59
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 |Introduction to microbiome analysis
e Protein alignment against the NCBI-nr database

* Who Is out there, what are the doing, how do they
compare?

« MEGAN taxonomic and functional binning
 The DIAMOND+MEGAN pipeline

e Long-read metagenomics

 Megan7/

e Hands-on session

Daniel Huson, 2025
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Growth of NCBI-nr Database (2005-2025)

1.2

1.0

0.8

0.4

Number of Sequences (billions)

0.2

0.0

2005.0 2007.5 2010.0 2012.5 2015.0 2017.5 2020.0 2022.5 2025.0
Year
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How to address this?

and Medical Informatics

e Taxonomic analysis
* Alignment-free (e.g. Kraken?2):
* k-mer based
e Functional analysis
e Tiered approach (e.g. HUMANNS3):
e Taxonomic pre-screening

e Reduced databases

 MEGANY7 - use clustered versions of NCBI-nr and Uniref
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Growth of NCBI-nr Database (2005-2025)

1.2

1.0

0.8

Number of Sequences (billions)

0.2

0.0

2005.0 2007.5 2010.0 2012.5 2015.0 2017.5 2020.0 2022.5 2025.0
Year
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MEGAN?

Replace NCBI-nr by:

* nr90 & nrd0 - clustered at 90% & 50% sequence
iIdentity

e UniRef100, 90 and 50 - clustered UniRef
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-

Classification rate compared to NCBI-nr on 10 datasets

Databases: NCBI-nr UniRef100 UniRef90 UniRef50

NCBI
) taxonomy
% ......................................................................................................................................................................
4 GTDB :
_E;J taxonomy ' 1.00 E 0.86
O B s et S (1 A— |
[7] EqgNOG [l 115 | 143 § 157 }i 133 [ 1.39
C_U ......................................................................................................................................... .............................
© EEE) Ejg 1.26
Speedup : : : : : 17.7
Size 1.0 0.6 0.3 0.1 0.4 0.1

Daniel Huson, 2025
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 |Introduction to microbiome analysis
e Protein alignment against the NCBI-nr database

* Who Is out there, what are the doing, how do they
compare?

« MEGAN taxonomic and functional binning
 The DIAMOND+MEGAN pipeline

e Long-read metagenomics

« MEGANY

e Hands-on session

Daniel Huson, 2025
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Hands-on session

* Run DIAMOND
 Run MEGANIZATION
* Explore using MEGAN



LLLLLLLLLLLLLLL

TUBINGEN

it T AgARI- Antibiotic resistance pilot study
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* Two volunteers, subject 1 and subject 2 UNIVERSITATS
KLINIKUM
44 TUBINGELIJ\I
Ciprofloxacin Administration Post-treatment Period
<€ > € >
Day0 Dayl Day 3 Day6  Day 8 (+2 days after treatment) Day 34
* 2 X 6 stool samples e

e Shotgun sequencing
e« ~60 million reads per sample
e ~800 million reads in total

 |nitial analysis: compare against NCBI-nr protein database
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Subset data:
e AliceQ0, Alice0O1, Alice03, Alice0o, Alice08, Alice34
e Bob00, Bob01, Bob03, Bob06, Bob08, Bob34

1 million reads each

Subset references:

e tutorial-nr.gz - nr50 proteins found in 12 files
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* While NCBI-nr50 is small enough to be used on a
good laptop, it is too big for this tutorial

e 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



Step | - Protein alignment

* Will use DIAMOND

designed for metagenomics

* Need to:
Install DIAMOND (already done 4)
Download reference sequences (already done 4)

Run DIAMOND to build index
Run DIAMOND on fastg.gz files
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. Open a terminal and type:

cp -r /mnt/data/Huson data/tutorlal DM ~
' cd tutorial-DM

mkdir out

1s

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

terminal
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* Build a DIAMOND index:

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

|
L -

terminal

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

(Works only for tutorial, not for other data)

«
ﬁdata megan-map-tutorial.db out tutorial-nr.dmnd tutorial-nr.gz
L - : —

terminal

Daniel Huson, 2025
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. Run DIAMOND on one input FASTQ flle

== 3

| dlamond blastx —d tutorlal -nr \
.~ -qg data/Alice00-1mio.fqg.gz \

- -0 out/Alice00-1mio.daa \
~ —-f 100 --masking O

terminal

* Run DIAMOND on all input files in the dlrector :
~ for file in data/*.fq.gz

- do
ﬁ ofile="out/S$ (basename "S{file%.*}") .daa"
'~ diamond blastx —--db tutorial-nr \

-qg $file -o $ofile -f 100 --masking O
done

terminal
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 For full size datasets, DIAMOND alignment (and
subseguent meganization) is run on a server

 The 12 small datasets against tutorial-nr.gz
should take less than 10 minutes
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e This should produce 12 files:

Alice00-1mio.fg.daa Alice06-1mio.fq.daa Bob00-1mio.fq.daa Bob06-1mio.fqg.daa
AliceO@1-1mio.fg.daa Alice08-1mio.fq.daa Bob0O1-1mio.fq.daa Bob08-1mio.fqg.daa

Alice03-1mio.fq.daa Alice34-1mio.fq.daa iobOB-lmio.fq.daa Bob34-1mio.fq.daa
: $
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* [ntroduction to microbiome analysis
» Step O: Installation

e Step 1: DIAMOND alignment against protein
database

e Step 2: MEGANIzation of reads and alignments
» Step 3: MEGAN interactive analysis

Daniel Huson, 2025
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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 ftile; 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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Step 2: Meganization

* Requires MEGAN

metagenome analyzer 6

* Need to:
Install MEGAN (already done 4)
Download reference file (already done §4)

Download mapping db file (already done §4)
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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, INTERPROZ2GO INT, SEED INT, EC INT);

* Atypical entry:

EKP93748 1867903 12531229321501010007
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* Meganize one DIAMOND file:

export megan=/mnt/data/Huson data/megan

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

I
|

L

Smegan/tools/daa-meganizer \

terminal

Meganize all DIAMOND files:

-1 out/*.daa -mdb megan-map-tutorial.db

terminal
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* Meganization does not produce any new files. It
prepares the .daa files for opening in MEGAN
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* [ntroduction to microbiome analysis
e Step O0: Software setup

e Step 1: DIAMOND alignment against protein
database

e Step 2: MEGANiIzation of reads and alignments
» Step 3: MEGAN interactive analysis

Daniel Huson, 2025
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Taxonomic content

Alice01.daa (remote file) (read-only) - [4] - MEGAN6

Be

g
B

& (3]0
[Al[c] kv ]

[
& %T\E%DH*D\ [E[eE & [ [-ol[te [ & Rank... [O @ @ W8 [/~ [ EI W
KE
ki

Bacteroides %% %Eg} %g E%p%%ola DSM 17136
e Sﬁ'g!i %%g 3 E‘ﬁ G:162
: %%%. f“e% ‘i %rﬁ(gla é‘Rh518177
i
: é% }ﬁﬁ@aﬁ;ﬁ;ilpm]a

ST

%EC

?EE dinis DSM 17216

c e?Bl % pave

bl
%

dae

_:_.:
RSO

e
%‘1——

0005

aaa:

”L

(o=

%E

0:
=

"\:o-\m B

agé%es <Roseburia>

;fﬁ zuA2 165
%{@"5 ‘&”TE?%%“”
E\UITI
?;Dhage

,237,344 (readCount) X .01 Topf X 1
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INTERPRO2GO Viewer - Alice01.daa (remote file) (read-only) - [4] - MEGAN6
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28/

gyrase < [First | Next [ All | &3+ || Case sensitive || Whole words only || Regex Uncollapse

PCoA analysis

Taxonomy Cluster Analysis - subject-1-2.megan* - [5] - MEGANG

Interactive MEGAN analysis
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PCoA of Taxonomy using UnweightedUniformUnifrac: PC 1 (63.0%) vs PC 2 (14.3%)

Alignment for 'K02961 small subunit ribosomal protein $17' - Alice00.daa - MEGAN

Samples=12

*IPRO28622 ATP-dependent RNA helicase RhIE
*|IPRO28621 ATP-dependent RNA helicase SrmB
*IPRO30279 ATP-dependent permease Mdl1/MdI2
*IPRO23671 ATPase RavA
*IPRO0OO711 ATPase, OSCP/delta subunit
*|IPRO02699 ATPase, V1 complex, subunit D
*IPROOS714 ATPase, type Ill secretion system, Flil/YscN
*IPRO10067 Aliphatic sulfonates-binding protein
+|IPRO16300 Arsenical pump ATPase, ArsA/GET3
IPRO30281 Autoinducer 2 import ATP-binding protein LsrA
+IPROO0O0OSS Bacterial DNA recombination protein RuvA
*IPRO30278 Bile salt export pump
+*|IPRO30880 DEAD-box ATP-dependent RNA helicase CshA
*|PRO30881 DEAD-box ATP-dependent RNA helicase CshB
°IPR005743 DNA g\/rase subunit A

ROO3BA0 DNA helic
FPRUN’?BS DN helicase Pifl-like
2|PRO04589 DNA helicase, ATP— dependent RecQ type
*IPRO07692 DNA helicase, DnaB ty
+|PRO0460S DNA helicase, Holhdav]uncllon RuvB type
*IPRO0O6 345 DNA helicase, RecD-

*|IPRO0OS5741 DNA topoisomerase IV subunit A, Gram-positive
*IPROOS742 DNA topoisomerase IV, subunit A, Gram-negative
+|IPRO05734 DNA topoisomerase VI, subunit B

0|PRO01241 DNA topoisomerase, type |IA

°|PRO0O5747 Endonuclease Muts2

*|PROOQOS27 Flagellar L-ring protein

+|IPROO0067 Flagellar M-ring protein FIiF

+|IPROOOSE3 Flagellar assembly protein FliH

+|IPRO20006 Flagellar biosynthesis protein FIhF

*IPRO0O1624 Flagellar hook-basal body complex protein FIiE

nucleoside-triphosphatafe activity

+IPRANNANAN Flamallar matar cwitch nratain

*IPRO01172 Flagellar motor switch FIiIN/Type Il secretion HrcQb
Ial i~

ISR MERTIE I Qs R

FE(&8(a |

&V] [ ] FIRe o o] [N [ad 5]

196037533 ref| W

t of 71 available reference sequences for 'K02961 small subunit ribosomal protein S

(double click on one to see al

Alignment for reference sequence ">gi|497283438|ref|WP_009597655.1|":

S (10 [20 (30
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1

(N

' 1

Terms=2519

Functional content

Daniel Huson, 2025

£43,498,105 Assigned=16,296,942 mode=BlastX  Cite: Mitchell et al (2015) NAR 43 D213-221. The Gene Ontology Consortium (2015) NAR 43 D1043-1- 2.6 of 11.2G
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H. et al, MEGAN Community Edition, 2016

Samples=12, Absolute Comparison, Reads=588,600,359, Assigned=585,369,088 (readCount)
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Step 3: MEGAN analysis

e Launch MEGAN by typing:

Smegan/MEGAN

terminal

* 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

Ciprofloxacin Administration Post-treatment Period

<€ > € >
Day0 Dayl1l Day 3 Day 6 Day 8 (+2 days after treatment) Day 34
(28 days after
treatment)

e Each subsampled to 1 mio reads.

- data/Alice00-1mio.fg.gz etc
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e 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:

O O Remote MEGAN Files
a8 IE: P X
...ebingen.de:8001 = Add Server

Location: http://maira.cs.uni-tuebingen.de:8001/megan6server

http://maira.cs.uni-tuebingen.de:8001/megan6sen
7 Arumugam-et-al-201
[ KittenFecalMicrobiom
7 willmann-et-al-201
% long-reads
{7 bertrand_et_al_2019
[ brandt_et_al_2020
[ kolmogorov_et_al_202
[ liem_et_al_2021

[ overholt_et_al_202(

[0 priest_et_al_2021

[ singleton_et_al_202

[ suzuki_et_al_201¢

i xie_et_al_2020
SRR10608979.daa
SRR10608980.daa

i yahara_et_al_2021
DRR214963.daa
DRR214964.daa
DRR214965.daa
DRR214966.daa

i zhang_et_al_2020

SRR9328980.daa

Compare L

Number of files: 146 2.2 of 21.5G
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e Here are six long-read datasets:

[ ] @ Taxonomy Chart - Comparison.megan* - [2] - MEGAN Community Edition (version 6.25.0, built 30 Aug 2023)

=/ 8 [$]18] e od = 2 ol 0] ] ) OB NG ) I OB O OO [~ %) 7] e (% (5] ) RIB0UE 2 B BB EC(® B B clis | EH (@

Taxonomy profile for Comparison.megan

<
>

LaUtrOpia Haemoph”us Pi%:“d"gm’igsj‘;‘”’ Minic;g:i‘:ax;:":;”]“&":’Eﬁ;ﬁ'imonas Z%%‘g\;eim Canc seudothioglobus BdE‘”OVIbrIO LentibacterLinnemannia
Fusobacterium eptotrichia gggn“y‘;gage”u”a L|nnem;nng|a ib terKalstella FO rmosa
candidaus sacchatmoras | | ©@DIOSPINA saescacyimacee an aracmus Candidatus Puni
s Promi rolbacterum Candldatus Thloglobus
Capnocytophaga FlavobacterlumS|mpI|C|sp|ra
y g Campylobacter Rhodoferax U |VI baCte rMarlnogagtgr
Candidatus Accumulibacter Fomnex Candidatus Pelagibacter cisace
Moraxella A’Chang'“mDeChIOromonaSSWta‘ea P I
Rubrivivax O a rI ba Cte r
Prevotella GeothrixLupinusisame™

Propionivibrio w==Planktomarina

Alloprevotella
Neisseria Nitrosomonas
Tannerella Porphyromonas SeererthaNannocystis Paludibaculum Sorangium H e | | eak CFOCl nitomix
Riemerella Aggregatibacter Pedobacter Thauera Rune?;;zr:n::::ﬁ:; “* Guinardia V br io
DRR214963 SRR11673963 SRR11268056
Lupinus
. Parabacteroides Phytophthora
Legionella Methanobrevibacter Petrotoga
Mortierella
Ensete L€ efluviitoc Ja
Bdellovibrio ~Bacteroides D.C.yogmMethanoculleus
Cloacibacillus Acetomicrobium
ERR3661022 ERR3201932 ERR3561495

Series=6 Classes=177 2.30f 21.5G

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