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Visible Organs

» ~107M cells

>~ 23000 genes

> =10 million microbes
> ~ 9 million genes

Invisible Microbiome Complete Human
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How our microbes make us who we are

S

https://www.ted.com/talks/rob knight how our microbes make

to be human.™

FOLLOW

s, redefining what it means

YOUR GUT

integrated into almost all aspects of our live

A TED onriainaL

¢ ROB KNIGHT
¥ WITH BRENDAN BUHLER

us who we are



https://www.ted.com/talks/rob_knight_how_our_microbes_make_us_who_we_are

Obesity Taxa features
« L Bacteroidetes to Firmicutes ratio
« | Akkermansia muciniphila
» L Bacteroides thetaiotaomicron
« | Clostridium histolyticum
» L Clostridium coccoides
« T Dorea longicatena
« T Eubacterium ventriosum
+ | Faecalibacterium prausnitzii
« | Methanobrevibacter smithii
» T Roseburia intestinalis
» T Ruminococcus gnavus
« T Ruminococcus torques

Function features

« TLGC: degradation of B-glucuronide
and aromatic amino acids

« THGC: production of organic acids
and H,

« T Phosphotransferase system

+ | Glycosaminoglycan degradation

+ T Glutamine or glutamate transport
system

« T Phenylalanine, tyrosine and
tryptophan biosynthesis

« L Valine, leucine and isoleucine
degradation

« | Superoxide reductase

Malnutrition

Taxa features
« | Anaerobes to facultative
anaerobes ratio
+ | Bifidobacterium longum
« | Bifidobacterium pseudolongum <+——

Function features

» | Lantibiotics production
« | Energy harvest

« L Immune protection

« | Vitamin biosynthesis

« T Pathogenic factors

Metabolic liver
disease

Taxa features

b l COPTDCOCCI‘S comes

« | Faecalibacterium prausnitzii
» TKlebsiella pneumoniae

« T Streptococcus anginosus

« T Veillonella atypica

Function features

+ T Oxidative damage

« Ty-Aminobutyric acid biosynthesis

+ | Haem biosynthesis

« T Dentrification

« T Ethanol production

o1 Lipopolysaccharide and
peptidoglycan biosynthesis

» TBCAAs and AAA biosynthesis

Yong fan and Oluf Pedersen, 2020, Nature Reviews Microbiology

Type 2 diabetes

Taxa features
« | Akkermansia muciniphila
/ : « T Bacteroides vulgatus
re= f | \\ « T Clostridium clostridioforme
€l » T Clostridium hathewayi
. ¥ \\ S « | Clostridiales sp. S$3/4
L N ’# « T Prevotella copri
Function features
« T Membrane transport of sugars
s « TBCAA transport
Dysbiosis « | SCFA production
» 4 Metabolism of cofactors
and vitamins

Cardio-metabolic
disease

Taxa features

« | Enterobacter aerogenes

« | Escherichia coli

« T Faecalibacterium prausnitzii
« TKlebsiella spp.

« T Ruminococcus gnavus

T Streptococcus spp.

Function features

» L Activities of SCFAs

« TTMA lysases

« T Phosphotransferase system

« L Vitamin metabolism

« T Lipopolysaccharide biosynthesis
« T Tryptophan production

« L SCFA metabolism

« | Butyrate production

Brain

» Autism spectrum disorder
* Stress

* Stroke

Lung
* Allergic asthma

Liver
* NAFLD/NASH

Skin
* Atopic dermatitis

Adipose tissue
* Inflammation
* Obesity

Whole body

* Type 2 diabetes

* Systemic lupus
erythematosus

* Undernourishment

* Atherosclerosis

Schroeder, et. al. 2016 Nature Medicine
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|dentification and validation of biomarker signature

Microbiome Metabolome
Machine learning

and predictive

~ HHH OO modelling

Functional
y networks
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Microbiota-changing interventions

Microbiome-directed interventions

—————

Untargeted Targeted
o®
=@

Exercises Individualized Faecal microbiota Bio-engineered Drugs targeting selected
nutrition transplantation commensals microbial metabolism

\

9“‘7 S @ % ' o v
(b (D(D(_v_ O K@o

Prebiotics Probiotics Synbiotics Postbiotics Phage therapy CRISPR-Cas9-based

therapy

1 l

General improvement in Specific modification in
microbial composition and functions metabolism-related gut microbiota




Personalized Nutrition by Prediction of Glycemic

Responses

Measure personal Predict personal
features for 800 people glycemic responses

800 individuals cohort
15 years

Microbiome

Blood tests

Questionnaires

Personalized Nutrition
Anthropometrics Predictor

- bitd

Design personalized diet
to lower glycemic responses

Zeevi et al., 2015, Cell

Video Abstract

Eran Elinav & Eran Segal

DayTwo prepares unique personalized nutrition

recommendations for each and every individual.

e Your personalized recommendations can be used
for normalizing blood sugar levels throughout the

day and night.

We generate food recommendations specific to
your body, like Top Meals for breakfast, lunch and

dinner.

D& 5 B 2% 2 Rl B2 A Eran+ Rl 1 K+ Cell L0{E1E X+
Bk F+4800 7 %t — DayTwo



How to properly construct ML models?

classification

SVC

Ensemble

Classifiers .5 | KNeighbors

kernel
approximation

SGD
Classifier

Classifier

‘ Spectral
Clustering i
KMeans
GMM

clustering

<10K
camples

¢

MiniBatch
KMeans

X.

<100K

X .

do you have
labeled

data
2

number of
categories

, known
<10K

MeanShift | x
~ VBGMM
tough
luck

scikit-learn

algorithm cheat-sheet

get
more

data \

>S50 regression

samples

SGD

/ = Lasso

ElasticNet

Regressor

A /

l <100K » few features
\ samples % should be
e important

predicting a

quantity

l ' Randomized

PCA Isomap

Just 5
luoking e A Spectral

RKI / Embedding
& N

<10K

’N kernel
approximation

predicting

structure

SVR(kernel="rbf’)

EnsembleRegressors

Ridgekcgrcssu;n

SVR(kernel="linear’)

LLE

dimensionality
reduction

MACHINE
LEARNING?

Frank Hutter
Lars Kotthoff
Joaquin Vanschoren Editars

Automated
Machine
Learning

Methods, Systems, Challenges

oren 9 Springer

Combined Algorithm Selection and Hyperparameter Optimization (CASH) problem



Outline
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* How to automatically select the optimized model for microbiome
data?

1. mAML (an ML model-building pipeline and web-server)
2. GMrepo ML repository

* Why balance-based disease predictions?
1. Disease prediction models repository

2. GBDAD (Gut Balance-Disease Association Database) for microbe-
disease associations inference



mMAML: an automated machine learning pipeline

12

mAML Home Metagenomicsdata Example Result WebServer Download Help

Database, 2020, 1-8
doi: 10.1093/database/baaa050
Database tool

Database tool
MAML: an automated machine learning pipeline

with a microbiome repository for human
disease classification

Fenglong Yang and Quan Zou”™



http://lab.malab.cn/soft/mAML/index.html

* Microbiome data are high-dimensional
low-sample size

* The OTU tables/microbiome
abundance data are sparse

* Microbiome data are often unbalanced
and biased

Proportions add to
one, the change of a single microbe
will also change the proportions of the
remaining microbes.
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MAML pipeline for microbiome data
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Classification task inputs:
Features abundance data (table/biom)
Feature/sample metadata

\

Edit the datasets
select phenotype
collapse features

Filter low prevalence features

Select a feature subset
HFE, distal DBA, mRMR,
\_ Univariate feature selection

y
y

Handle Imbalanced datasets

\_ ADASYN, RandomOverSampler /-

N SMOTE variants

AdaBoostClassifier
BaggingClassifier
XGBClassifier
LGBMClassifier
ExtraTreesClassifier
GradientBoostingClassifier
DecisionTreeCla
RandomForestClassifi

Tree-based
classifiers

/

y

Binarizer
MinMaxScaler
MaxAbsScaler
StandardScaler
RobustScaler
PowerTransformer YeoJohnson
QuantileTransformer Normal
QuantileTransformer Uniform
Normalizer, Loglp

Pl’Cpl‘OCCSSOI‘S

LinearSVC
GaussianNB
LogisticRegression
SGDClassifier
KNeighborsClassifier

Classifiers

accuracy, roc_auc

average precision Scoring
neg log loss metrics
precision, recall

f1, f1_micro, fl_macro
f1_weighted, fl samples

Interpretable prediction model and

infromative features

scikit-learn (13 classifiers and 10 feature preprocessing
methods, and 4 feature subset methods)

Export

Bl PowerTransiormer_Yeo-johnson_LinearSVC_149 I

http://39.100.246.211:8050/Server




Performance of mAML

RNS_AUC

Baseline
mAML

FSH_RCI

Baseline datasets:
https://knights-lab.github.io/MLRepo/

Datasets with abbreviations in brackets

Gevers et al. (2014) lleum IBD (GIIBD)
Gevers et al. (2014) rectum IBD (GRIBD)
Montassier et al. (2016) Bacteremia (MB)
Qin et al. (2012) Diabetes (QDB)

Qin et al. (2014) Cirrhosis (QC)

Ravel et al. (2011) Nugent score (RNS)
Wu et al. (2011) Diet (WD)

Fierer et al. (2010) Subject (FS)

Yang et al. (2010) Diagnosis (PDX)
Costello et al. (2009) Body Habitat (CBH)
Fierer et al. (2010) Subject x Hand (FSH)
Costello et al. (2009) Subject (CS)
Costello et al. (2009) Skin Sites (CSS)

# of
samples

140
160

28
124
130
342

96
104
200
552

98
140
357

Note: AUC: area under the curve; RCI: relative classifier information.

https://microbiomejournal.biomedcentral.com/articles/10.1186/2049-2618-1-11#Sec14

N OO RW NN NN NNRN

[y
N

Labels in
benchmark

GIIBD_AUC
GRIBD_AUC
MB_AUC
QDB_AUC
QC_AUC
RNS_AUC
WD_AUC
FS_RCI
PDX_RCI
CBH_RCl
FSH_RCI
CS_RC
CSS__RCl



https://microbiomejournal.biomedcentral.com/articles/10.1186/2049-2618-1-11#Sec14

Steps for microbiome data preprocess

17

Ed”‘ tl'ledi.:‘t'r: b Home Metagenomicsdata ExampleResult WebServer Download Help Contact
Build a predictive model

Upload datasets

Upload da
Feature dataset: [samples x Sample metadata: samples,
features] label

ytu_tak

Edit thed

Edit the datasets

[ this pheno

Filter low pr

Featurt
filtered

Feature

mpling approach for the class imbalance problem




Combine algorithm selection and hyperparameter optimization

18

Scalers selected tput files and description
Select or edit the data preprocessing and classification

methods

ation

Norm:
FunctionTr

Classification report of the best model

classifiers




GMrepo ML repository
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DATA REPOSITORY FOR
HUMAN GUT MICROBIOTA

Datasets # of samples # of genus, # of species # of classes Classification task

242 A 146 Autism_Spectrum_Disor »5), Healthy(187)

696 / 120 Adenoma(220)

2t 37 70

168 51 106
124
146
131
123
124
149
229
145
186

download \_ retrieve relati
metadata  — GMrepo —>_ abundnce
Attention_Deficit_

i Autoimmune_Di
taxonomic Autoimmune_C

€3.NCBITa abundance
Python / for all samples

metadata for I ;

metagenomic and
amplicon samples were taxonomic lil’lCElgC taxonomic tree
downloaded and for all samples for all samples
taxonomic data (genus,
species) was retrieved.

2 I
S

metadata

Bipolar_Disor
for all samples poar-

Celiac_ ase(’

Clostridium_Infe

Colitis_Ulcera ),
Constipation(65), Healthy(187)
Crohn_Disease(227), Healthy(632)

2
2
2
2
2
2
2
£
2
£
2
£
2
£
2
£
2
£
2
£
2
2
2
2
2
2

: GMrepo ML repository (GMrepo Machine Learning
seperate phenotypes repository) was developed to facilitate the application of
mMAML, which expands the microbiome learning repository
el (il [ el T related with human disease.

otu_table.xls tax_table.xls sample_data.xls tree.nwk

Totally, the repository involves

{ biom-format | { phyloseq

otn_tableiom | "\ \GR  P"vIosca KD covering 49 disease phenotypes and
referring to :

http://39.100.246.211:8050/Dataset



http://39.100.246.211:8050/Dataset

Outline
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* Why balance-based disease predictions?
1. Disease prediction models repository

2. GBDAD (Gut Balance-Disease Association Database) for microbe-
disease associations inference



GutBalance

21

Home Models Repository Risk Prediction GBDAD Tutorial

GutBalance: a server for the human gut microbiome-based disease
prediction and biomarker discovery with compositionality addressed

"Everything you see exists together in a delicate balance. As king, you need to understand that balance and respect all the creatures,
from the crawling ant to the leaping antelope."

--The Lion King movie quote

http://lab.malab.cn/soft/GutBalance



Why Balance?
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ALR| CLR

log ratio Normalize
i — =
transformation Disea

Health

ILR Relative abundance Absolute abundance
(DBA-distal)

¥ Systematic biase

Biomarkers
discovery

e Supervised
Health learning @

S Risk
2,3-part distal balances Models prediction

Red doubled

Proportions |1/2 (1/2
|Counts 100 100

[Proportions |2/3 [1/3
[Counts 200 |100

Blue halved

Proportions |1/2 |1/2
| Counts 100|100

}Prapomons 2/3 [1/3
[counts 100 [50

Red doubled

or

Blue halved

100y
balance = log (W =0

Time point 1
d

Abundance Red > Blue

100

50

balance = log (

Time point 2

Red =~ Blue

Proportions
Percentages
Counts

f

Proportions 4/13
Percentages |30%
Counts

Red < Blue

[313  |313
‘Zl% ‘2}%
I3 I3

Environmental Variable
(i.e. pH)




What is GutBalance?
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Healthy microbiota

Healthy microbiota

edicted as

yciation

Dysbiosis

Dysbiosis

inference

Disease risk prediction modeling

2) DBA-distal

Abundance ( T matrix

Remc
No. of d
or with

SBP Matrix

GutBalan

>nducted to minimize the following cost function:
conducted to minimize the following cost function Shotgun
L l—p o e 5 -
min w w+ plw|, + C El(; xp( — ui (XTw+¢)) +1)

we oo
n i=1

l

GutBalance-Models Repository

Risk Balance-disease
- - . . S — T 3 o
Shotgun Amplicon prediction ASSOCIALHRS

Low risk

subset

GBDAD

Amplicon

MicroPhenoDB




weighted avg:

macro avg-

accuracy-

D00626.
D00342.

D003424

D003424

o

Coefficient of the features

1

The GutBalance models repository contains
balances-based Logistic Regression (LR) models for
human gut microbiome-associated diseases

prediction, 2/ for shotgun metagenomic data, and
for amplicon data.

Shotgun metagenome Amplicon

Datasets Nr. Nr.,
(MeSH 1D) samples  balances  Classification task ShbpMatrix  BalanceMatrix  Files4ML Moldels

79 Autism Spectrum Disorder(55), Healthy(187) csv, svg feature, label ff, ]
Adenoma(220), Healthy(476) csv, svg feature, label

Anemia Sickle Cell(14), Healthy(14)

Arthritis Rheumatoid(96), Healthy(72) csv, svg feature, label




Disease Risk Prediction

25

GutBalance Home Models Repository| Risk Prediction: /GRDAD  Tulorial Shotgun metagenome Amplicon i—o

Upload dataset

Gut microbiota-related disease risk prediction

Upload a species composition file with species represented by NCBI taxonomic IDs, select one or multiple diseases to make risk
probabilities of the chosen diseases.

Select diseases OUze all di

A 3 - F
featureid ERR1823587

L PR3

o |

Make prediction pmm 6

]

Upload data file, select diseases and predict risks



Gut Balance-Disease Association Database (GBDAD

LR coefficients

Shotgun metagenome

Balance ID

261299__28117_33038

1308_ 626940

1304__ 1211813

3249240520

mplicon

DB15212

DB15212

0615212

De15212

oD

LRcoef

MeSH
Heading

Inflammatory
Bowel

Diseases

Inflammatory
Bowel

Diseases

Inflammatory
Bowel

Diseases

Inflammatory
Bowel
Diseases

Diseases
Category

Digestive

Digestive
System
Diseases

Digestive
System
Diseases

microbe-disease association score

# Disease
Liver dnease

Herpes simplex infection

Association

e No. Association ID Microbe

[ r—
Skin i
[p—

Swest gand dsesse
il exantrem

Colarectal carcingena

Microbe type

Assocation scare

Raw._scorey = (Wipss + Wyerr + Wpieranre) * log(N/ny)

Numerator

Numeratorsp Denominatorisp oty @

Intestinibacter ) oo weos. Ruminococcu
bartlettii Alistipes pi 1 nevus

Streptococcus  Phascolarctobacterium
thermophilus succinatutens

Autism_-8.44;
Cirrhosis o
Streptococcus
salivarius

otheruise

specified -0.44

Eubacterium

uoe Blautia obeun Autisn 0.67
siraeun

GBDAD

Denominatorl Evidence

Cirrhosis of liver_-1.31;
Cystic Fibrosis_-0.44;
Autism_.44; Pervasive
developmental disorder - not
otheruise specified 0.44;
Crohn's disease_-0.44

Pulmonary tuberculosis_@.67

Systemic lupus
erythematosus_-@.67

Sclerosing cholangitis_-0.67

Denominator2 Evidence

Allergy_0.35; Ulcerative

colitis_0.35; Asthma_8.35;

Atherosclerosis_0.35; Cystic

Fibros:

cholangitis

of liver_0.70;

developmental disorder - not
vise specified_-0.35;

emia_0.35

Balances

Diseases

Digastive Systom C
Endocrine System

nal and i
oiogical Condt
Respiratory Tract ©

ses
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A 2-part balance
SBP Matrix

o

A €— n+n_
balance; =
nt +n-

o

At

ol ° 1 Disease: IBD, Balance id: 2173__39496 Disease: UC, Balance id: 28118__39486
Al
: numerator
3-part balance j’fc”rg;“;’;a;f’,fre o Methanobrevibacter smithii (2173) o _ Dorea formicigenerans (28118)
lo e A Eubacterium ventriosum (39496) A Odoribacter splanchnicus (39486)

Af €— ot : decrease

: decrease more

predicted association - " predicted association

2-part balance

ol evidence ol evidence
A inference A inference

Disease: UC, Balance id: 1358__28118_39486

o Dorea formicigenerans (1358)

AA ~ Odoribacter splanchnicus (28118), Lactococcus lactis (39486)

) predicted association
AA

ol

3-part balance

o evidence
AlA| inference
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Microbe-disease association inference from species abundance

Butyrivibrio crossotus { | e e mes -
Ruminococcus bromii { [ ewees == se = o o ¢ F o @S F O
Coprococcus sp. ARTS5/1 { (g o= = sl T 7 @& & F P F o ¥ F & _\'a""o@ e

§

o

y i 2 >
[Eubacterium] siragum { [ ge= o A\ R D70 oD% W &, £ 56 5 S F LT

S LR o < W EEE P

O
Bifidobacterium longum { e 22 ks &

[Ruminococcus] gnavus
Clostridium sp. L2-50

Collinsella aerofaciens
Methanobrevibacter smithii
Bacteroides coprophilus
Bacteroides sp. 2_1_22
Bacteroides intestinalis

Veillonella parvula

Bifidobacterium pseudocatenulatum
[Clostridium] bolteae

[Clostridium] clostridioforme
Enterococcus faecium
Holdemanella biformis

Klebsiella pneumoniae

Bacteroides sp.3 2 5
Streptococcus salivarius
Paraprevotella xylaniphila
Prevotella buccae

Dysgonomonas mossii

Dorea formicigenerans
[Clostridium] symbiosum
Streptococcus parasanguinis
[Bacteroides] pectinophilus
Veillonella atypica

Weissella confusa

Parabacteroides sp. D13
Bifidobacterium dentium
Lachnospiraceae bacterium 5_1_63FAA
Eggerthella lenta

Dysgonomonas gadei
Lachnospiraceae bacterium 6_1_83FAA
Flavonifractor plautii

Lactobacillus ruminis

Streptococcus mutans
Lachnospiraceae bacterium 4_1_37FAA

group
D003424
W8 D006262

0.2 04 06
Relative_abundance

Bifidobacterium dentium [l
Bifidobacterium longum
Bifidobacterium pseudocatenulatum
Collinsella aerofaciens ||
Eggerthella lenta [
Dysgonomonas gade
Dysgonomonas mossi
Prevotella buccae
Bacteroides intestinalis
Bacteroides coprophilus
Paraprevotella xylaniphila
Bacteroides sp. 3_2_5 [
Bacteroides sp. 2_1_22
Parabacteroides sp. D13
Methanobrevibacter smithii
Streptococcus salivarius
Streptococcus mutans
Streptococcus parasanguinis
Enterococcus faecium
[Clostridium] symbiosum
[Clostridium] clostridioforme
Weissella confusa
Lactobacillus ruminis
Holdemanella biformis
[Clostridium] bolteae
Flavonifractor plautii
Veillonella parvula
[Ruminococcus] gnavus
[Bacteroides] pectinophilus
Dorea formicigenerans
[Eubacterium] siraeum
Veillonella atypica
Ruminococcus bromii
Clostridium sp. L2-50
Butyrivibrio crossotus
Lachnospiraceae bacterium 4_1_37FAA
Lachnospiraceae bacterium 6_1_63FAA
Lachnospiraceae bacterium 5_1_83FAA
Coprococcus sp. ART55/1
Klebsiella pneumoniae

Phylum

W Actinobacteria

B Bacteroidetes

M Euryarchaeota

M Firmicutes
Proteobacteria

Partition
°1
A

Association score

LR coefficient
13
00
06




Balance:
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How the we

b-server was build?

31

Request XiaorUi.CC

static files
(css, images
etc.)

Reverse Proxy or Unix-Socket

WSGI HTTP Server

2% Dash

byplotly

Python Web service

mAML1.0

iome data

Explore  Repositories  Organizations GetHelp~  yangfenglong = ()

yangfenglong/dash_webserver +
glong * U

Computing envirenment for paper 'mAML: automated machine learning =
model buildi ipeline for microbiome data’' ﬂ“clwmw

[EE README.md

https://qgithub.com/yangfenglong/mAML1.0

rning ding pipe



https://github.com/yangfenglong/mAML1.0
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Wu, S. et al. GMrepo: a database of curated 3 JATA REPOSITORY FOR
and consistently annotated human gut Dﬁ'T'f“' _}"'E ,,L""%lT":}ﬁ_ r.] I:'t.; F
metagenomes. Nucleic Acids Res (2020) AUMAN GUT MICROBIOTA

Yao G, et al. MicroPhenoDB associates
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http://www.liwzlab.cn/microphenodb/#/home
https://doi.org/10.1093/nar/gkz764

