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Bioinformatics Approaches to Explore Human Microbiomes
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Curriculum Vitae

Speaker Name: Mina Rho, Ph.D.

» Personal Info

Name Mina Rho
Title Associate Professor
Affiliation Hanyang University

» Contact Information

Address 222, Wangsimni-ro, Seondong-Gu, Seoul, 04763
Email minarho@hanyang.ac.kr

Phone Number 02-2220-2379

Research interest : Biomedical data mining, Machine learning and computational genomics

Educational Experience

1996 B.S. in Computer Engineering, Ewha Womans University, Korea
2001 M.S. in Computer Engineering, Boston University, USA
2009 Ph.D. in Computer Science, Indiana University Bloomington, USA

Professional Experience

2009-2012. Postdoctoral Associate, Indiana University Bloomington, USA

2012-2013 Assistant Professor, Roswell Park Cancer Institute, State University of New York at
Buffalo, USA

2013-2017 Assistant Professor, Hanyang University, Korea

2017-present.  Associate Professor, Hanyang University, Korea

Selected Publications (5 maximum)

1. Lim, S. K, Kim, D., Moon, D. C,, Cho, Y. & Rho, M (2020) "Antibiotic resistomes discovered in
the gut microbiomes of Korean swine and cattle” GigaScience: 9(5)

2. J. Bae, K. Lee, M. Islam, H. Yim, H. Park, and M. Rho (2019) “iMGEins: detecting novel mobile
genetic elements inserted in individual genomes “, BMC Genomics :19(944)

3. J. H. Shin, H. Eom, W. J. song, and M. Rho (2018) “Integrative metagenomic and biochemical
studies on rifamycin ADP-ribosyltransferases discovered in the sediment microbiome ”,
Scientific Reports :8(12143)

4. H. Cho, J. Choi, J. Seo, B.J. Kim, M. Rho* J. K. Han, and J. G. Kim* (2017) “Helicobacter pylori-
derived extracellular vesicles increased in the gastric juices of gastric adenocarcinoma patients
and induced inflammation mainly via specific targeting of gastric epithelial cells”,
Experimental & Molecular Medicine :49, €330
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Metagenomics

studies on _entire genetic materials
collected directly from a community of microorganisms
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» Taxonomy profiles
* Function profiles

» Genomic variations and exchanges

Metagenomics

studies on_entire genetic materials
collected directly from a community of microorganisms
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* Supervised approach (i.e. classification) @
- taxonomy assignment @

* Unsupervised approach (i.e. clustering)

- contig binning —_—




Metagenomics

studies on _entire genetic materials
collected directly from a community of microorganisms
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'ng;i“ By 8. 4.  Supervised approach (i.e. classification)
TR TE| AT - taxonomy assignment
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3 1 s | =T - * Unsupervised approach (i.e. clustering)
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O T - —a - contig binning
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Taxonomy Profiling




Human Microbiome Projects

Metagenomics

G Meta fdlimaninestinaltac
s . H’T European research project

Budget 3|22 Laboratories

YR

|24 healthy from Denmark and Spain

576.7 Gb sequences (4.5 Gb per sample)
J. Qin et al Nature 2010
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30 most abundant genera by read abundance
Reference genome based mapping with 85% and 65% sequence

similarity cutoff Nature 2012

769 samples from |8 body sites of 242 healthy adults

4.6Tbp metagenomic sequences

Abundant species (metagenomic data)

Lactobacillus crispatus . . .
Propionibacterium acnes [ ‘ o e e
Streptococcus mitis [ ® @ -

.

Lactobacillusiners i © @
Lactobacillus gasseri Il ®
Prevoteliaamnii if @ @
Lactobacillus jensenii [ ° .
Prevotellacopi il @ © @ . .

Corynebacterium kroppenstedtii [l L] .
Corynebacterium accolens .
7 A
Y, %, U, ", S, Vo, 2y
. %0% ¥, Y, %'"b- %%,

Py, o, O, Py o
’qs % % g %

e e

Relative abundance based on read mapping against clade-

specific marker genes (MetaPhlAn) Nature 2012

iIHMP: Integrative Human Microbiome Project

Community

Microbial

Host genome Microbial isolate

HMP1 ==
composition pathways sequences genomes
Gut P L
Vagina -§ Skin %, —-—7— 5% :,' ‘\‘.
” . Ce ¢ ./
Healthy cohort study T 2 N’ ﬂ
, » * Characterize microbiomes
- « Correlate with phenotype
".
Demonstration projects
: SR . . HMP DCC
HMP2 Community Microbial Virome Antibody Data, tools,
composition pathways profiles profiles pmt'ocols %
( 3 .'. ® = { > /./
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Preter}n birth Host genomes Epigenome profiles Cytokine profiles
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* Characterize the host and microbiome
Pre-diabetes * Follow dynamics over time




Taxonomy profiling
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Marker gene

— Database I - i :;..' .!1;
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BLAST .
\\ bowtie / o - _," i:

sequenced reads homology-search

taxonomy profile

\_metagenomic data taxonomic classification taxonomic profiling /

* Amplicon sequencing amplifies what you want
- e.g. 16S rRNA sequencing (ref. p12)
* Metagenomic sequencing sequences all DNAs in a sample
* Pros and cons for host contamination, primer bias, taxonomic level,

functional information

Taxonomy profiling

I - Conserved region D Variable region (V) B Hypervariable region ||-I|

a wp s )
Vi V2 @ V3 4 @ V5 @ V6 v7 Ve va m

Wi
p— ——] i

H1 H2 H3 Ha |'Hs [ | W7 HE HY
68 136 433 576 821 980 1117 1243 1435
V1-2 (312 bp) Mi as4
V3-V4 (430 bp) MiSeq/Rache 454
V3-V5 (590 bp) MiSeq or Roche 454

V4 (292 bp) MiSeq
VE-V3 (562 bp) MiSeq/Roche 454
V-V (1466bp) Phyliochip Array .

Gut Microbes, 2017

g full-length sequence c V1-3 region V3-5 region
3 eph i S_epidermidis-2_e
S_epidermidis-2_b s S_epidermidis-1_d
is-2_a S_epadermidis-2_d
5_epidermidis-1_d S_epidermidis-2_c
5_epidermidis-2_c S_epidermidis-1_c
5_epidermidis-1_b p—ee &, ppiiermilclis-1_b
S_epidermidis-1_a 5_lugdunensis_a
5 _epidermidis-2_d S_lugdunensis_b
5_epidermidis-1_c 5_lugdunensis_c
5_opidermidis-1_s S_lugdunensis_d

S_epidermidis-2_b

2
S_aureus-2_a
5_aureus-1_b
S_sureus-1_d
5_suweus-1_c
'5_aureus-1_a
S_lugdunensis_e
5_lugdunensis_d
5_lugdunensis_c
S_lugdunensis_b oy
S h NENSS_a S_lugdunensis_
1S mmﬂmmm c gjswdmermedius_c is-mm"m"’—g
3 5 —I _pseudintermedius_b
'S _pseudintermedius_a S_pssudiniormadius_a

qg}semem::
- PLoS ONE, 2012

5_aureus-1_b
5_aureus-1_a
5_lugdunensis_e
S_epadermidis-1_s
5_aurtus-2_a




CD-HIT: clustering sequences based on greedy approach
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Profiling based on homologous species groups

Strept ”
reptococcus : ; y l - £ 3 & ,. , . .
Veillonella 2 LS . = > P 9. - 9 » o ‘ 9
. ) v\""‘." - \\U / ®
Prevotella b : " 3 >‘ L = L) / >
LN g -
Gemella ¥ N 9
oo 2 ?
Rothia 9 > @ ® @ e °
» 2 s
Porphyromonas g "’ i \ ? . " ;.ﬂ
> %
m’ & @
unassigned ,' Py s .‘....
L]
Granulicatella S AN v’ -
@ ° s
Candidatus Saccharimonas = Good & & .
= Moderate —..m “““ v’ \ »
Leptotrichia == Poor ’."« ? ° '
0.0 01 0.2 03 0.4 05 ‘.:.“ =0 @ - 9 ] ?
- - Relative abundance - ’ ’."‘ s MM s ... s.‘

» Taxonomy profiling of the salivary microbiomes obtained from three
different hygiene index groups: good, moderate, and poor

* 16S rRNA sequencing

Frontiers in Microbiology, 2020

Alpha-diversity

» Variation of microbes in a single sample

* i.e. How many different species are detected in an environment?

* For example, site A=8, siteB =5, siteC=7

* Use metric such as Shannon diversity index, Simpson index, and Chao

Site A

f.. A\
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Alpha-diversity
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Crohn’s Disease{ (CD)
2 Ulcerative colitis|(UC)
20
Il Control Bl uc Bl co
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0 5000 10000 15000 20000 25000 T T T
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Gut Pathogens, 2020
A, p<0.001 B .. p=0.003
s0{ [ I ! | glzo e
[ | F100
a0 o)
<]
€30 1L 3% | |
e 2 oof | |
G 2.0 8 50 _L
10 S 82
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Scientific Reports, 2019

Beta-diversity

Variation of microbial communities between samples

* i.e. How different is the microbial composition between two samples?

* For example, sites between A and B=9, sites between B and C = 6, sites between C
andAand C=11

* Use metric such as Bray-Curtis dissimilarity and Jaccard distance
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Beta-diversity

Jaccard distance
d;(A,B) =1— J(A, B)

_]4nB

Bray-Curtis dissimilarity

BO, =1 220
" S; + Sj

Cij = the sum of only the lesser counts for each species found in both sites
Si = the total number of specimens counted on site i

Sj = the total number of specimens counted on site |

Beta-diversity

08 -

B Healthy
® CDI patients
A COPD patients
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e
L ' S
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=
=
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=
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02 4

Dim1 {30.5%)

Dimension reduction/Embedding method P
e.g. PCA, t-SNE i




Temporal shifts in the skin microbiome of AD
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T
Baseline
Anticubital Popliteal

T
Flare Postflare

12 2-15 yr patients (moderate-to-severe AD, SCORAD 2 15) vs. 11 healthy control
* > 7d without topical AD treatments and > 4 wk off both antibiotics and

corticosteroids

* Flare: acute exacerbation of disease on any skin region
* Postflare: 10-14 d after the initiation of intensified AD treatment (dilute

bleach baths, topical steroids, bland emollients)
8F and 1391R regions of 16S rRNA

Genome Res. 2012

Temporal shifts in the skin microbiome of AD

Shannon Diversity Index

o —
r=-0.57 =
@ r=-0.69
P<3.6e-04 [
< . S @)% P<3.9¢-06
. g = *
) o0 3
o — B 2 L ] o —
] @ o® @] < [ ] .
o — ® c [= T
o
. @ + o o & o
- — Baseline * o - S
mm Flare ] Q
® L
o | ™= Postflare S 4 nEj S | ®o 0 ®% o
T T T T T T T T | [ | | |
0 10 20 30 40 50 60 0 1 2 3 4 5

Objective SCORAD

averaged with antecubital and popliteal creases
AD is associated with lower skin bacterial

diversity

Shannon Diversity Index

Baseline
== Flare (no trt.)
mm  Flare (intermittent trt.)
- Postflare
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Taxonomy profiling

sequenced reads

\_metagenomic data

homology-search

taxonomic classification

S =) il
. :> e |:> @ @ "
OTU clustering % i
classified data T —
=
\/ g — i
- 2 \ / 5 —g
< T =2l & g
}\;” < => BLAST :> \ P, s :hi 5
~— \ bowtie 1 .--‘&i 1
\

taxonomy profile
taxonomic profiling /

* Amplicon sequencing amplifies what you want

- e.g. 16S rRNA sequencing

* Metagenomic sequencing sequences all DNAs in a sample

* Pros and cons for host contamination, primer bias, taxonomic level,

functional inform

ation

MetaPhlAn: profiling based on marker genes

* Using core genes and unique genes, a set of unique clade-specific marker gene

was collected

* Core genes: all of the strains in a clade (species or others) have such genes

* Unique genes: no other clade contains orthologs close enough to

incorrectly map metagenomic reads

Isolate 1 \Q

Isolate 2 \% (N S
Isolate 3 \Q S I

Isolate 4 %
Isolate 5 \%

L

geneA geneG geneN

geneT

geneQ

geneB

I

] L

1
Core genes

I
Flexible genes

[ = presence

1
Unique genes

[] = absence

Nature Methods, 2012; GBE, 2018
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MetaPhlAn: profiling based on marker genes

* MetaPhlAn 2
* Clustering CDS by nucleotide identity threshold of 75% to find seeds of core genes

* Check the seeds for the unique taxonomic marker genes

| Species

B B 1L B. uniformis
| | | I ol B. vulgatus
B. stercoris
B. eggerthii
P. merdae
A. shabhii
A. putredinis
B. caccae
B. xylanisolvens
B. ovatus
B. unclassified
R. bromii
F. prausnitzii
D. invisus
E. siraeum
B E. rectale
. W B. crossotus
P. copri

Relative abundance (%)

Nature Methods, 2012; GBE, 2018

MetaPhlAn: profiling based on marker genes

* MetaPhlAn 3
* Based on Uniref90
* 1.1M markers from 1M bacteria, 56.8K archaea, 61.8k virus, and 13.6K
eukaryota for 13,475 species
* Using 16.8K species from 16K bacteria, 739 archaea, and 122 eukaryota
(99.2K genomes from 97.9K bacteria, 947 archaea, and 339 eukaryota)
* 84 + 47 markers per species from 16.8k species

* Performance from 123 synthetic metagenome

Gastrointestinal Urogenital Mouse

Tool Airways Oral Skin Non-human

tract tract gut
MetaPhlAn v3.0 stat q 0.2 0.880 0.894 0.869 0853 0.869 0.722 0.830
MetaPhlAn v3.0 stat g 0.1  0.896 0.908 0.898  0.883 0.906 0.728 0.855
MetaPhlAn2 v2.7 0.723 0.761 0672 0.751 0.701 0.544 0.330
mOTUs251 precision 0.768 0.824 0.787  0.761 0.779 0.770 0.632
mOTUs251 recall 0.683 0.768 0772  0.720 0.727 0.800 0.529
Bracken 208 25 refseq 0.440 0.426 0.525 0.359 0.339 0.091 0.021

Nature Methods, 2012; bioRxiv 2021
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Human Gut Microbiome of healthy group

. i
g i ;
8 - -V
2 =
@
g ! :
HERS i Ve - 145 Chinese individuals
g i i
E 1 (74 control, 71 T2D)
8 — i idati
g . Bacteroides - 200 validation
& ) .
; 5 T2D patients - 350 bp paired-end reads
2 : . o Controls

MetaHIT gene  Updated gene
catalogue catalogue

3.3M 4.3M
Bacteroides Prevotella Bifidobacterium Ruminococcus

£ H 2] T e :
° 1 -

8 = © | 31 3

s L 3 - . e —

€ 31 — B . o ] - '

5 . ! o = -— c .
T T iy e B
2 - — 2 _=_ - ——— =$ N I - g —— i —r

1 2 3 1 2 3 1 2 3 2 3
Enterotype Enterotype Enterotype Enterotype
Nature 2013
Microbial composition over the countries
A Bifidobacterium Bacteroidetes
8 o |
DK: Denmark e =
ES: Spain -] 1
US: USA s -3
CN: China g 4
SE: Sweden o =z
RU: Russia g °
VE: V | 1
ve: venezuoa | o |Wlillana ol s || ] il
. o
AT: Austria £ PLERPRS G $EFRAESFELSE
FR: France
PE: Peru Bacterial composition in the gut microbiomes of different races
(DNA Res, 2016)
MDS1 (42%)
120
I
Fel | L
1 - .5 100
| .,
LY -.:'. - .
o g abhead W e . ) 3 :
PR WU RY ol i _:I._ T F— E .
3 . | W crumese < ® . : .
E’ : B AMERICAN E ®
‘E)s s . ] 40 .
R i .Li ﬁ;
I a
. » TR H *ﬁ b
I ) L o
22 £ Tl
: o @@d“‘ o “‘_,\40‘ AN M
w 5 pim1 (51.8%) ° - Genus
Sci Rep, 2020

-13-




Differential abundance at species or strain level

a Control-enriched MLGs T2D-enriched MLGs
CGapall3 - =
- . Desulfovit 1_syn3
[ Unclassified i b@‘ -
ActinobaxE:teria — Cotlia ! Sulphate-redtf =
ggerthelia R A. muciniphila

Bacteroidales Con-122 ozl
W Alistipes
BN Bacteroides
WM Parabacteroides
Firmicutes
W [ achnospiraceae
W CErysipelotrichaceae
W Clostridiales
B Clostridium
Eubacterium
BN Roseburia
BN Faecalibacterium
BN Subdoligranulum
Proteobacteria
W Desulfovibrio
W Escherichia
B Haemophil
Vermcomi:rob;ph = Con-142 Con-180
Akkermansia = i

mucin-degrah;‘m

30 :
E. réctale

3lis
B Co ’_59‘”]

R. indligivorans

48 \ :
Con-15! '1“

on-1

b 5

Con-104——Con-101) 9n-109

* 145 Chinese (71 cases and 74 controls)

* MLG (metagenomic linkage group) using abundance level: a group of genes
that co-exists among different individual samples and has a consistent
abundance level

* Spearman correlation coefficient > 0.4 in blue, <-0.4 in red

* Butyrate-producers are negatively correlated with a group of the T2D-enriched

bacteria from Clostridium Nature, 2013

Human Vaginal Microbiome

b ° All (300/300) € African ancestry (156/156) d European ancestry (61/61) e Hispanic (83/83)
8 ‘oo Y"____"'~| AT TPTIEASCN IS e e Taegern - = | ‘ =
3 ‘ | [l 1
Pregnant é 50 I
women o
2 25 - ‘
o
g o
@
2 100 -
o
T 75
Non-prt t 2
2 25
_(9
& 0-
. . . . . Tamn
* Vaginal microbiome shifts during pregnancy L crspas [ 5. amni Mycoplasma hominis
. . . . L jenseni [l A. vaginae BVABZ
toward Lactobacillus-dominated profiles (in blue) L gassari [ Mogasphasra chusior52 [l Aevococous cvistansan
. A . . L iners B Frevotella duster 2 Corobacieriaceas OTU27
* This shift occurred early in pregnancy, associated I G vaginois [l Ureaplasmaciuster 23 (1] Sreptococeus custer 29
BVAB1 B TMT-HA

with simplification of the metabolic capacity of the
microbiome
* This shift is significant in women of African or

Hispanic ancestry

Nature Medicine, 2019
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Assembly and genome recovery

B

o] 6

nucleatide

Frotmincy clustering
contigs i

compositien .-enon

contigs

average

number of feature

verage vectons

Feature vectors

///\ i .
S \ de Bruijn graph . vy e
Qequenced reads assembly contigs contig binning genome rec:ove

* Assembly

* overlap graph-based assembly
* mostly, de Bruijn graph-based assembly;
* e.g. metaSPAdes, MEGAHIT

* Contig clustering

MEGAHIT

[ input reads R J

L]
count (k_, +1)-mer,
output solid & mercy edges
]

k+—k

mn

L1

“—’I build SdBG of order k

remove tips; merge bubbles; progressively remove
low local coverage edges; output contigs C,

.

[ k «— k + step I

No

Yes

Extract (k+1)-mers from
reads R and contigs C

k-step

Bioinformatics, 2015
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metaSPAdes

strain, strain, /_\

[ ]
cov(e) [ ]

./ cov(v) = max (cov(ei)), ei is incident to v

Weak edge e: ratio - cov(e) < cov(v)

e G {M

* De Bruijn graphs of multiple strains with

different abundance

b4
N

A

* Collapses bulges and removes tips

* Disconnect weak edges

* Resolve repeats

Reference catalogue

» The first catalog of 178 reference bacterial genomes by HMP (2010)

+ 1,520 reference genomes of bacteria cultivated from gut (2019)

* 50% -> 70% coverage of gut microbiome

» 338 species-level clusters (ANI >= 95%)

» 134 clusters (264 genomes) were newly annotated

1 I A N P hytum Phylum
8 i | Lipopolysaccharide biosynthesis Bacteroidetes
y inogl gradat Actinobacteria
Other glycan degradation Firmicutes
Sphingolipid metabolism Proteobacteria
Glycosphingolipid biosynthesis Fusobacteria
Steroid hormone biosynthesis
Signal transduction
| l Xenobiotics biodegradation 100
m | Cell motilty
o Lo ® o %
Virulence factor
Antibiotic resistance 60
| J Oxygen tolerance
‘ I | Il Acid resistance 40
f (00 DRI I \ Bile salt hydrolase ,
p-galactosidase 56
Hﬂ I l[ll Amino acid synthesis
I | | Vitamin B synthesis 5
3 Bacteriocin synthesis
® Clostridum @® Fusobacterium ® Paenibacillus ® Klebsiella @ ichi @ Bil
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Mouse Gut Microbiome

Mouse Al samples (184 mice) i . . .
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Mouse Gut Microbiome
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Compositions are quite different by the provider and housing laboratory

Nature Biotech. 2015
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Function Profiling

Functional analysis
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4. Finding meaningful pathways
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Four different pathways for pan-genomes
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Functional analysis with MetaGenome species (MGS)
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Genomic variation and exchange

Microbial carriage varies between subjects
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Nature, 2012
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Global network of gene exchange
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* Sequence blocks (>500 nucleotide, > 99%) in genomes (< 97% 16S rRNA )
* 10,770 unique genes in 2,235 bacterial genomes have been transferred

* 25 times more HGT between human associated than non-human isolates
* 27% of observed transfer event include at least one MGE

* 1,183 human-associated bacteria and 1,052 non-human-associated isolates

Antibiotic resistance genes in the gut microbiome

1.0 B Quinclone antibacterials (JO1M)
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« 1093 antibiotics resistance genes found from 162 individuals (85 Danish, 39
Spanish, 38 Chinese)

» 7825 antibiotic resistance proteins from ARDB

« e-value < e-10, coverage >70%, sequence similarity > 80%

Nature Comm., 2013
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Gene exchange for resistome

Transposase
a 1566
Resalvase  TEM f-lactamase famity
L ) PST: human, animal, influent
B — I (B RES: human, latrine
Integrase core domain Transposase DDE Integrase
TEM p-lactamase
e S— g G— l :: ':: PST. human, influent
Integrase DDE Unknown DHFR Integrase
domain domain
TEM p-lactamase Transposase
R — , . PST: human, animal
Integrase core domain
Resolvase  TEM [-lactamase
) TEM-type f-lactamase
RES: human
Unknown [ Other AR protein
AACS TEM j-lactamase - Mobile genetic element
— 4 ST e I Unicown protei
Integrase DDE Unknown
h domain
Gene(s) Clinical isolate(s)
blargyy..c E. coli BM2729
blargys K. preumoniae HM12
Blarey 1op and Blaqgy a3 E. coli F2
blargy.yy E. coli 1724A
blapyy 12 E. coli F1, E. coli MG32
blaygy.1s M. morganii BM2717
blapgyy 15, K. pneumoniae BM2730
TEM-15b K. pneumoniae BM2731 and BM2732
TEM-24b E. aerogenes SLE48
blargy.sa K. pneumoniae BM2733
TEM-33b E. coli BM2725
TEM-33¢ E. coli BM2724
TEM-54 E. coli BM2728

Nature, 2016

Antibiotic resistance genes in the gut microbiome
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+Differential distribution of antibiotic resistance genes in patients with
Clostridioides difficile infection and healthy people

+Distribution of AR class in healthy individuals and patients with CDI (p
value < 0.0 in t-test)

Scientific Reports, 2020
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Screening AR genes from the metagenomic DNA

* Functional metagenomics
* Cloning of DNA fragments into a vector and the subsequent
expression into heterologous hosts
» Screening of resistance genes expression by growing them on
antibiotic containing media
* Advantage: The ability to isolate completely novel antibiotic
resistance genes
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Science, 2009

Metagenomics
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