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Our world is full of microbes (4T %)

soll ocean hot springs

(~10°104 B My 3 +)
‘ Upon a closer lookK... ;

Mk Microbes

g g ® bacteria ® archaea

e fungi @ protists (R4 4 4)

03 e viruses © ...

AP (microbes) et “ —VIWIRE A WEE ANE RN EI R ERR” . 2




Human Microbiome (ARESI4H)

* FEAARGRETERENMEY), XEMEVIRINEREEEISHIMRIR
AANKAEYE, TESHTIE. KK OB FlRE., WREEE
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(Lee & Mazmanian, 2010, Science) 3
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How do we identify members of

microbiomes (H{AIEERMEY) 2

How can we study it by DNA sequencing GIF) ?




The 16S ribosomal RNA as a
microbial fingerprint

N
® Fingerprints are both
universally present on all ’
people and unique / k

polypeptide

® The ribosome (}%HE{E) is
essential for survival across MRNA
all kingdoms of life and is
thus highly conserved

ribosome

ZRER 2 E B REFERIA PR



16S rRNA: HER “9FHAa”

® Specifically, the 16S rRNA

component of the ribosome is 23S IRNA
5S rRNA

highly _conserved among 31 proteins
bacterla/a_rchaea, yet contains 16S rRNA
hypervariable regions. 21 proteins

ribosome

16S IRNAEHE/SEHNRELEETSERT, XNESEZFXE.

— 16S rRNA contains 9 variable regions
W conserved region (non-specific)
B variable region (species-specific) ~1500 bp
A
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Hypervariable regions (AJZE[X) can be
used for species identification

- More distantly related species exhibit more divergent

16S rRNA sequences

70 80 90 100 110 120 130

+ + I

E.coli CGGTRHCHGGHRGRHGCTTGCTTCTTTGCTGHCGHGTGGCGGRCGGGTGHGTHHTGTCTGGGH
M.iranicum M05 GG A CCCTTT--GGGGTT----AGTGGCGARCGGGTGAGTARCACGTGGGT
M.iranicum HNTM87 GG A CCCTTT--GGGGTT---~-AGTGGCGARCGGGTGAGTARCACGTGGGT
M.iranicum GN10803 CGGmmmmmmme| A====CCCTTT=-GGGGTT--~-~-AGTGGCGARCGGGTGAGTARCACGTGGGT
M.iranicum NJH C66-=======f====CCCTTT--GGGGTT----AGTGGCGARCGGGTGAGTARCACGTGGGT
M.iranicum NLA001001296 GG A CCCTTT--GGGGTT-~--~-AGTGGCGARCGGGTGAGTARCACGTGGGT
M.iranicum FI05198 CGG==m=====f CCCTTT--GGGGTT AGTGGCGARCGGGTGAGTARCACGTGGGT
M.iranicum OPBG 12013762 C6G====m===f====CCCTTT--GGGGT T----AGTGGCGARCGGGTGAGTARCACGTGGGT

M.iranicum CCUG52297 GG A CCCTTT--6GGGGTT----AGTGGCGARCGGGTGAGTARCACGTGGGT
M.iranicum UM_TJL GG A CC--TT--CGGGTT----AGTGGCGARCGGGTGAGTARCACGTGGGT
M tuberculosis C6G=====---ARRGGCCCTTC-~-GGGGTACTCGAGTGGCGARCGGGTGAGTARCACGTGGGT
M.aubagnense C66======---AARGGCCCTTC-~-GGGGTACTCGAGTGGCGARCGGGTGAGTARCACGTGGGT
M fallax Cob——— ARRGGCCCTTC-~-GGGGTACTCGAGTGGCGARCGGGTGAGTARCACGTGGGT
M.mageritense CGG=m==m===-AARGGCCCTTC-~-GGGGTACTCGAGTGGCGARCGGGTGAGTARCACGTGGGT
M.senegalense CGGmmmmmmm= ARAGGCCCTTC--GGGGTACTCGAGTGGCGARCGGGTGAGTARCACGTGGGT
M.farcinogenes CGGmmmmmememm ARAGGCCCTTC-~-GGGGTACTCGAGTGGCGARCGGGTGAGTARCACGTGGGT
M.neworleansense CGG========AARGGCCCTTC-~-GGGGTACTCGAGTGGCGARCGGGTGAGTAARCACGTGGGT
M fortuitum subsp. acetamidolyticum CGG=-=-------AAARGGCCCTTC--GGGGTGCTCGAGTGGCGARCGGGTGAGTARCACGTGGGT
M.wolinskyi CGGmmmmmmm= ARAGGCCCTTC--GGGGTGCTCGAGTGGCGARCGGGTGAGTARCACGTGGGT
M.phocaicum CG6======---AARGGCCCTTTCGGGGGTACTCGAGTGGCGARCGGGTGAGTAARCACGTGGGT

16S rRNA secondary structure
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Natore Reviews | Microbiology



Highly conserved region (BE&TX):
easy to target across all bacteria

I conserved region (non-specific)
M variable region (species-specific)

1500 bp
- - ) .
> ~ 7 5 Nk 9 Length Resolution
S ~465 b Genus, species
V3-va P P
— AR ~255bp  Family, genus
e il el R R —~— ~1500 bp Species, strain
V1-V9

FE16SHRT X% ITPCRS|4, W&
BIWA X, EHAVI/VAXHERMLF,
HIBEEEES, EAEITEN-_RNE.

FKingdom
I JPhylum
ZMClass
HOrder
&Family
JEGenus

o Bk

v 7§ Species



Tree of Life: 16S rRNA gene

=1 HE. TRSEZEY (Woese and Fox, 1977)

Bacteria

Parcubacteria

Candidate
Phyla Radiation

Wirthbacteri

Microgenomates

Mojor lineages with isolated representative: italics
Maior lineage lacking isolated representative: ®
04

Eukaryotes

Carl Woese (1928-2012)

Archaea

(Hug et al., 2016, Nature Microbiology)
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How to analyze microbial

communities (4 ¥EE%)?

How can we better understand our microbiomes?




Microbial genomics suffers from lack
of cultivation approaches(ZEtE3F %)

“The estimate that fewer than 1% of the prokaryotes
In most environments can be cultivated in isolation
has produced a quandary: what is the significance of
the field of modern microbial genomics if it is limited
to culturable organisms?”’

Schloss et al, Genome Biology, 2005 -




FEFH % (Metagenomics)

FRFHE (Metagenomics) NFIESAEYIZER A %, BRISALEHEDE T B,
KA BRI S DNARITTVE, S5 RS AT B 7L 1 — T 1 %t .

Metagenomics is the study of genetic materials recovered directly from environmental samples. The broad field

may also be referred to as environmental genomics, ecogenomics or community genomics.

7 R [K 40 (Metagenome) +& H1 Handelsman2:19984#2 H i) &4 ],  H € X N“the
genomes of the total microbiota found in nature”, R[4 ff 430 5 A 2k DR 2EL 1) s A

BETEFRMATEEFRREY, H AT ZRPAERE G b 840 A T

Cracstalk R245

Molecular biological access to the chemistry of unknown osSry
soil microbes: a new frontier for natural products
Jo Handelsman?, Michelle R Rondon!, Sean F Brady?, Jon Clardy? and Fees®
Robert M Goodman1

RO
¥

Cultured soil microorganisms have provided a rich Despite being familiar and useful, soil is also one of the
source of natural-product chemistry. Because only a tiny least understood habirats on carth. The lase 25 years of
fraction of soil microbes from soil are readily cultured, research have revealed that culturing is an excellent
soill might be the greatest untapped resource for novel method to learn a lot about a rtiny proportion of the
chemistry. The concept of cloning the metagenome to microorganisms on earth [2-7). Many lines of evidence
access the collective genomes and the biosynthetic show that fewer than 0.1% of the microorganisms in soil
machinery of soil microflora is explored here. are readily cultured using current techniques [H=10]

And, most impressively, the other 999% of soil

Addresses: 'Departtment of Plant Pathology, University of Wisconsin— - . . . X
microtlora is emerging as a world of stunning. novel

Madison, 1630 Linden Drive, Madison, Wi 53706, USA. *Department of . . - .
Chemistry and Chemical Biology. Baker Laboratory, Comell University, genetic diversity. New groups of bacteria have been

Ithaca, NY 14853, USA. idenubied 1n sol that appear to diverge so deeply trom
) the cultured bacrena thar they could represent new
Chemistry & Biology October 1998, 5:R245-249 hyla r even new kingdems of lite [11-13]. Groups of
http:!biomednet.com/elecref/ 10745521 005R0245 phvyld, o Ingdoms o ) 2. foroups
Archaea related o those found thus far only in the open
CDH'QISFJO"C‘GF*C%'- o Halﬂﬂelﬂma" ocean are soil inhabitants around che waorld [14,15]. Esti-
E-mail; joh@plantpath.wisc.edu mares are thar a gram of soil might conrain 1,000-10,000 JO Hande|S| nan
& Gurrent Biology Lid ISSN 1074-5521 species of unknown prokarvotes [8]. There is likely to be

Chemistry & Biology. 1998,5(10):R245-9



Metagenomics has revolutionized
microbiome studies

» Genomics

Direct sequencing

— Metagenomics




T—RAFEAREET EERASF
Next Generation Sequencing (NGS) technology

v F—ASanger#®] F v E_RFHAEANAF v FERHEETIA

(RN AES ) (#S+PCRY ) (SMRT: Single-molecule, real-time)

DNA fragmentation =iy e aplle bealy e was PIP eds iinay 5o lea
ol
u et

Focm ok inghe T 4y wercn TP maly -
O

Cycls sequencing ) T [aT—

2. CACTAGATACGAGDETGA -8 [templale) B
5. CTGAT iprimur) L -
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ETaaTer »
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AT
'
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e {iq 0 \,'.'.‘li.if,
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Polymerase -+ CTGATETATGET < ) [ l l l l ' l l tP
dNTPs - CTBATCTATAOTG < g 1
Laneled ddNTFs . CTGATCTATACTCG olymerase

w0 lion mekeadsr chrers

Method Generation Read length (bp)  Single pass error rate  No. of reads per run Time per run  Cost per million bases
Sanger ABI 3730x1 18t 600-1000 0.001% 06 0.5-3h $500
454 (Roche) G5 FLX+ and 700 1% 1% 10° 23h $8.57
Mumina HiSeq 2500 (High Output) and 2 X 125 0.1% 8 x 107 (paired) 7—60h $0.03 —_ =
Mumina HiSeq 2500 (Rapid Run) 2nd 2 x 250 0.1% 1.2 x 10? (paired) 1-6 days $0.04 % ﬁ =
Ion Torrent and 200 1% 8.2 x 107 2—4h $0.1
SOLID 5500zl ond 2 % 60 5% 8 x 108 6 days $0.11
PacBio RS II: Po-C4 3rd Ave 10-15k 13% 3.5-7.5 x 10* 0.5-4h $0.40-0.80
Oxford Nanopore MinION srd Avg. 2-5k 38% 1.1—4.7 % 104 50 h $6.44-17.00

(Shendure & Ji, 2008, Nature Biotechnology; Metzker, 2010, Nature Reviews Genetics; Rhoads & Au, 2015, Genomics Proteomics Bioinformatics)

Next generation sequencer determines the bases of every DNA molecule.




Principles of Sanger Sequencing

(F—RAUF)

Frederick
MR FILEER B8 1L 3K Sanger

(1) Reaction mixture i,
- Primer and DNA template - DNA polymerase g 8 8 (g“--f*-u
- ddNTPs with flourochromes - dNTPs (dATP, dCTP, dGTP, and dTTP) B TR TR TR T e
Primer Duzzyatenzane rommres

e o e o &
/———\ HU_E_O_E?_G_E_G\ {(N ldﬁ;_T

E N N I A B A A R A bhodw o dm o:N"

Template

ddNTPs
ddTTP -@

ggg;g : (3) Capillary gel electrophoresis

ddGTP -9 separation of DNA fragments

Dezzmzanzans nohzahes

(@ Primer elongation

. T Capill |
and chain termination | aptiary g
I B B e e e o e Laser
5‘I rrrrrrriid '3‘
o B S I B N
5‘! rrrrrrrrra I’ 3.
5‘I rrrrrrrrrrd I, 3‘
@6 TCATAGC TG T TTCC Ta
5‘||||||||||||||,3‘
(@) Laser detection of flourochromes
o B B B B N e e e o and computational sequence analysis
5‘Illllll[llllllll’a.
o B o o e e e e e e e e e e
Chromatograph




Principles of Illumina Sequencing (55 =fXilIF)

All 4 labelled nucleotides in 1 reaction Seq uenc I n gs by Sy n t h es | S
Higher accuracy mé,ﬁﬁl;ﬂ“r#’_

. [T
(o] . Ve 0 B
. ) P ®
HN™ ) cleavage 5 HN. v
“ site fluor [
0',""““-\_ ~ D‘NA o._'/,.h\».\_N e
PPP loT ~ E"o l N

.

3 fblock ¥ ’_

Incorporation OH free 3 end
Detection
Deblock; fluor removal f,

. . .
. .
y 2 . . . .
o @] o '@ ® ] @ e] o

3’-blocked reversible terminator (7] 1% 5 ik 24 45 1)

B
©

M4 R FIRIANTP I LA R 5E R, 75 8 5 S0
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A Fr 232

® Read (1335&) . A short DNA fragment which is read out by sequencer.

DNA sequence
Quality information(RE{ELLASCIRE R R, —RZEQ>30)

@HISEQZ000:404 : C/3LWACXX:2:1101:1487:1876 1:N:0:CGATGT
NCCCTCTTGAACTCTCTCTTCAAAGTTCTTTTCAACTTTCCCTTACGGTACTTGTTGACTATCGGTCTCGTGCAGATCGGA

+
#4=DB?7 :DF /ADCFFGD>BHCEBQF3AAACEFHC>@BBFFFGD@7 7BF 7 7D9B7FGDFFGDGGB@; AE>-EDZ5; ). . 5 5=;

o SEBENFHFIIBIE—IRTFHEAFASTORXH, XHEH KA

“.faS'[q,,, “.fq”,_f‘—]-'ir

A 4

Reads(*.fastq)
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Three metagenomic strategies for each
sequencing technology generation

—— a. First Generation Sequencing
Random Genomes

165 Gene PCR Amplification O O GCTATC
‘ oo ~ W
- 00

L J
T

Full-lenght 16S V1-V9 regions (~ 1600 bp) 16S Clones Overexpression Sanger Sequencing

b. Second Generation Sequencing

—
P— RandomQGenomes
vt ¥
( Directed 16S Gene PCR Amplification e S— )
A \ — _— s —)
. —————— ]

‘—H‘—r—'

Environmental DNA Library preparation

(~300 bp) lllumina MiSeq sequencing

V1-V2 V3 V4

c. Third Generation Sequencing

Random Genomes
16S Gene PCR Amplification
— *:—l

Full-lenght 16S V1-V9 regions (~ 1600 bp) Quick library preparation MinlON sequencing

l||*

Santos et al., Computational and Structural Biotechnology Journal 2020,18, 296—-305.



AEREET—RUFEFEAR(MNGS)

'8\Vietagenomic Next-Generation

22



Metagenomic strategy for detecting SARS-CoV-2

1 TR SR R A e )
2003FF I HmE(FHF) — 2019F e mE(—A)

a b
/2 Throat swabs Raw reads
Tatal fhA 7] Clean reads
s lReverse transcription
N N N N N | — 30 min
3 5
5 AARAMAT
3" NNNNNN T _ .
n Host reads Non-host reads g,

l Tagmentation

3

5
3 5
// \\ / \\ — 20 min
e Alignment to
l =—_ De novo assembly reference database &

'S

One-tube i —5 \ l

5
reaction
Known pathogens

Strand extension v Unknown pathogens

5 - Flost response identification identification
—_— e
= s y; R,
3 ® g
~ 70 min » @ '& ? . st ; %
PCR >y o /
—>
3 5
\ e
High-throughput sequencing
23

Santos et al., Computational and Structural Biotechnology Journal 2020,18, 296—-305.




Clinical metagenomics

Patient with illness

® Clinical metagenomic next- M
generation sequencing (MNGS), i
the comprehensive analysis of s v oo
microbial and host genetic [Of N\ |
material (DNA and RNA) in
samples from patients, is rapidly @ © * * % @ s

* Access to mNGS testing
* Unclear clinical indications
* Upfront or second-line testing

| Winises Bacteria Fungi  viruses Parasites Human
moving from research to clinical | wmewien
W * Quality control metrics
. / : * Workflow complexity (manual versus automated)
laboratories. —
( Sequencing * Cost
* Turnaround tim
* Sequence quality

® The capacity to detect all
potential apthogens — bacteria,
viruses, fungi and parasites — in
a sample and simultaneously
Interrogate host responses has
great potential utility in the
diagnosis of infectious disease.

Bioinformatic analysis

* Database misannotations and biases in representation of
organisms

* User-friendly software
* Bioinformatics software validation

Reporting
* Data confidentiality

* EMR integration

* Regulatory approval

* Medical reimbursement

| At ®| « Clinical interpretation gii} /g\
- * Clinical utility
* Available treatments y
* Clinical indications N S
J s
4
o

Clinical microbiology
sequencing board

24

* Patient privacy

Clinical microgenomics, nature reviews genetics 2019



How does metagenomic sequencing

work (BEREENFREE)?

What Is a typical experimental &
computational workflow?




Zn 5 A 4E = A A Fr SR

-
“3 NCBI

— A eAATTEALAT:
The 16S-based wmp oo e wamp i GreenGenes
. . approach — AR myRDP
j:ri%ﬂ%;)nu% ot — omggzﬁﬁ? Silva
\ NSNS NSNS NS
= Amplify and Group similar  Use database to

N , / , :, -:‘// / -~ .~ sequence 16S rRNA sequences into OTUs identify OTUs
Extract DNA

XTT I_,l {j'__'. q:?,l I:FI 1% __|' Eﬁ* 'Lag l Community composition: Which org::al::::tss:‘e u::::n;:d

<16S/18S/ITS) y ]‘3:—':-'?_,]—- Microbial community 8 GA?I‘"JI":CA
sample & gigﬁg
PCRY#, FEMEF4 47 S—cemm ¥| % =
-a»e « GATTTCA
Rela‘t,l;/% ?rl:;:snic:‘ance OTU phylogeny
community
e 1
7 5= (B 2B

Compare sequences to

ERREMAMERERG o Soog Cmmm

P S N N

The shotgun Sequence : e,
/ N 2 Community function:
D NA 1T )r"“ 57\1- ﬁ metagenomic wes)  community What can the community do?
y /
approach DNA
9
l KEGG §
2R seeo - 5
BLAST Ed :
Functions
Use database to Relative abundance of gene
identify sequences pathways in community

Morgan XC, Huttenhower C (2012) Chapter 12: Human Microbiome Analysis. PLoS Comput Biol 8(12): e1002808.



A workflow for 16S amplicon sequencing

Collect sample 5 Total DNA 3 Amplify variable region
(e.g. skin swab) extraction of 16S rRNA gene

BN\ o]
oy
<5y

{’\! =) "
) * \ »
%= (\\\J Y XDaor

1

1
1

,  Sequence 16S Processing, QC, G?ntérate a
(RNA genes and assembly representative sequence
of reads for each species and

assign taxonomy

Read 2 —— —

relative abundance plot diversity plot
Q
o o
- 2| e,
Who? How much? -‘g &
= )
> = o
o o o o ©
©

27

healthy | diseased healthy | diseased



Sequence processing GUFFHHEALIER)

5 Processing and QC of reads (Il FF #i#E Fiix)

Qual er /lllumina 1.9 encoding)

§BHHHHHHHHTTﬁﬁﬁTTTTﬁﬁﬁﬁTi1

Good

Bad

Reads quality analyzed by FastQC




Sequence processing GUIFF#IEALEE)

JRInEE

Raw reads

BREUE

Clean reads

SRR
EED IS BNELHNE

RIS WIS
KRR R BRGNS

There are a lot of ways to filter and trim your data:
(Dlow guality bases (Q< 20)
(ilRemove chimeras (fz & 1)

29



Chimera Removal(ERi#&M):

During PCR multiple sequences can combine
to form a hybrid.

_________ >
Aborted extension
e ] o ] o S i s ok i
--------- ) . . .
Mis-priming
mY2nYaYy
e ) v, ' W ) . s s
— U\ Extension

Chimera

30



Where do we want to go next?

Processed 16S

microbial s UENCES
-
composition gy traction Sequencing
? N
|
L

The challenge of metagenomics is that the sample is mixed!

—->Which 16S sequence came from which bacterium?




It Is trivial to catalog identical objects

mixed sample

cataloged




Cataloging variable objects is hard

mixed ‘

sample d '




Cataloging variable objects is hard

§o

= R *

mixed ‘ 6 t ' { :
sample @ w\‘ G ‘ v

BRI FMNEBANRX LXK, WMABIRERRIIE L R?




We catalog variable objects by iterative
pairwise comparison (PR EL %)

mixed ‘ ‘ .r \'
sample ‘ \' 6 .V

ranked
pairwise
comparisons




We catalog variable objects by
iterative pairwise comparison

mixed ‘ ‘ .r ' Iwi ‘
sample ‘ ' 6 b & &)

ranked
pairwise
comparisons




Clusters arise of similar items

N\ .ﬁ%‘fi'-
mixed " | .
N P YXXXAIY

ranked
pairwise
comparisons




Similar fruits cluster together

o ~
mixed ‘ 6 .v ‘ x“
sample d \' 6 ‘ e S o/

pairwise
comparison
distances

i orange

pear




16S rRNA EREFFIR 5K EE

@ Identify unique @ Use pairwise comparison @ Count how many sequences
seguences to cluster into operational match each OTU

taxonomic units (OTUS)

Bacteria in Sample Sequence Reads OTUs ° OTUZﬂTST%T/Eﬁj\%ﬁfD
(Ourgoal is to identify  (Marker gene PCR products, (Sequences grouped
who is there) usually 16S rDNA) by Similarity) jj@?lﬁ \ﬁéﬂﬁ’ A
$ -.-.. (" orus [ orurz ) A=Kt ()
o — il . _
D ' N B
0 =T N | I or —Fr& (Marker)
0 o > > e
ﬁ y ------ — ooa ® OTU also refers to clusters of
o o \ JL= 7 organisms, grouped by DNA
¢ 0 o
0 O — v sequence similarity of a
s) Identify Species
[l """ m specific taxonomic marker
llllllllllll 1
ﬁ 5 9 . gene.
3. o/ 20% JFAZE4)16S rDNA
4 apd 10%

E A EY18S rDNA/ITS



6 Sequences to OTUs to OTU abundance(E[E)

16S /7 5 FIANE X 31197% LA I 1 1 kR A [F] — 4N FF (Species)

OTU sequences are representative _ ™ s 16575
sequences chosen for each OTUs and ll*g{ngﬁw%
are <97% similar compared to any other

OTU sequences OTUs
~ 97% similarity = species

To generate a relative abundance e

#0TU ID F3DO F3D141 F3D142
table, count the number of 16S OTus 789 SIS sl Counts
sequences matching each OTU oTus [[CEEET A
sequence oTi2 366 302 327

OTUFER: ERFHERR



OTU taxonomy: $tEor2RiER

e OTUEBXE, HEHESNOTURHIREES], 5ERDP. SILVASGreenGenes
FREEFITEEXT, HITMIERE.

= Berkeley lab ®= Max Planck Institute
green i
= August 2013 (g " July 2015 Sllya%
= 202,421 entries oot = 172,418 entries
— 165/ %)
HEERT97% > :
v rDNAZLH 7 (Ribosomal
@ @ OTUs % Database Project):
http://rdp.ce.msu.edu/
OTU Count OTU table
3 Accumulibacter
11 Unkown

3 Competibacter
1 Bacillus anthracis




MFROUTERFR: OTU table

W00 s oW s W

A

aTu

Otud0o1
Otud0oz
Otud0o3
Otud004
Otud005
Otud006
Otud0o7
Otud00s
Otud0os
Otud010
Otud011
Otud012
Otud013
Otud014
Otud015
Otud0le
Otud017
Otud01s
Otud01s
Otud020
Otud021
Otud022
Otud023
Otud024
Otud025

B

Reads
342
265
222
191
184
170
157
152
144
143
139
125
112

&7
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el Ll Ll L Ll Ll e |

=

Tasanormy
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria

Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Proteabacteria
Actinobacteria
Bacteroidetes
Proteabacteria
Proteabacteria
Firmicutes
Firmicutes
Proteabacteria
Proteabacteria
Actinobacteria
Firmicutes
Proteabacteria
Deinococcus-Thermus
Firmicutes
Proteabacteria
Firmicutes
Bacteroidetes
Firmicutes
Proteabacteria

Bacilli
Bacilli
Bacilli
Bacilli
Bacilli

Clostridia

Gamirr
Acting
Bacter
Betap
Gamirr
Bacilli
Bacilli
Gamirr
Alpha
Acting
Bacilli
Epsilal
Deira
Bacilli
Gamirr
Bacilli
Bacter
Bacilli
Alpha

1

0.8

0.7

0.6

0.3

0.2

0.1

Bacillales
Bacillales
Lactobacillales
Lactobacillales
Bacillales
Clostridiales

SAA SAB SA

.n
w
=
@

e
4
-~

G H
Staphylococcaceae Staphylococcus
Listeriaceae Listeria
Streptococcaceas Streptococcus
Streptococcaceas Streptococcus
Bacillaceae Bacillus
Clostridiaceae Clostridium

M others

M Streptococcus
Prevotella

= Neisseria
Granulicatella
Rothia
Actinomyces

| m Haemophilus

|

M [Prevotella]

H Peptostreptococcus

W Porphyromonas

Fusobacterium

Veillonella
M Leptotrichia
- M Oribacterium
= = = m Atopobium
SAN SAQ S5AS SCB

42
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o YR (USEARCH/QIIME)

® USEARCHEMFHBY & F o, BE2REAHIE, HToHh
AR BARI6AI AR AL B2 . VSEARCH ZUSEARCH1I% % . H 5
R . VSEARCHEEINGEE: Sk, 2K, EZ04E. W
NS BN E | IS SN Y = Y U5 e

® QIIME(Quantitative Insights Into Microbial Ecology)/&— T Lt
BT E D EL A R TR A, HIT R E R FZE R T h 2 Ky
FJRob Knight[ 4B\ . QIMERE M AL EE &l 7~ & B4 18+ =08 &
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